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Summary 
Pheromones in Heliconius butterflies: Chemical ecology, genetics, and 
behaviour 
Kathleen Darragh 
Sex pheromones are chemical signals that mediate communication between 
males and females of a species and are important for mating. They have been well-
studied in female moths, where females release volatile compounds to attract males over 
long distances. Butterflies fly during the day and were thought to rely more on vision. 
However, male pheromones in butterflies have also been described but have rarely been 
studied to the same detail as the female pheromones of night-flying moths. 
The Neotropical butterflies, Heliconius, have a long history of ecological and 
genetic studies. Mate choice trials have focused on male preference for female colour 
pattern. In addition, two types of pheromone have been described in Heliconius. The first 
is produced by a region of the wing known as the androconia, and the second is anti-
aphrodisiac, transferred from male genitals to females during mating to prevent re-
mating by the female.  
In this thesis I investigate the role of chemical signalling in mate choice of 
Heliconius. I describe sexual dimorphism in wing scale morphology and androconial 
chemical profile of H. melpomene. I demonstrate the importance of male chemical 
signalling for female choice in this and other Heliconius species. Male pheromones in 
other groups can convey information about mate quality. I show that larval but not adult 
diet affects the production of only minor components of the male pheromone. This 
suggests that male signalling cannot convey information about adult diet quality but 
could reflect larval diet. I survey variation in pheromone components across the broad 
geographic range of several species. I show that this provides a useful approach to 
identify biologically active components, which we expect to be species-specific over a 
large geographic range. There is also considerable interest in understanding the genetic 
basis for adaptive traits, and pheromones provide a tractable system for such studies.  I 
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uncover the genetic basis for anti-aphrodisiac production in H. melpomene through 
genetic mapping and use in-vitro assays for enzymatic activity to identify a novel terpene 
synthase activity in a gene family not previously known for this role. This finding suggests 
that terpene synthesis has evolved independently multiple times in insects.  
The work presented in this thesis is one of the first studies integrating both 
chemical ecology and genetics in butterflies. By combining behavioural, genetic and 
chemical studies, we can understand not only the composition of the chemical profile of 
individuals and species, but also their function and evolution.  
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Chapter 1 
Introduction 
Olfaction is considered to be the most ancient and widespread sensory system 
(Ache and Young 2005; Wyatt 2014). Many groups, such as bacteria, plants and animals, 
use chemical cues to interact both with their environment and with other organisms 
(Wyatt 2014; Amo and Bonadonna 2018). In insects, chemical signalling is important for a 
range of behaviours such as aggregation (Wertheim et al. 2005), trail recruitment 
(Czaczkes et al. 2015), sex (Ali and Morgan 1990; Wyatt 2014), and interactions with 
plants (Schiestl 2010). These cues can be short-range, such as cuticular hydrocarbons, or 
long-range as in the case of volatile compounds released by female moths (Löfstedt 1993; 
Mas and Jallon 2005; Smadja and Butlin 2008; Wicker-Thomas 2011; Grillet et al. 2012). 
Sex pheromones are chemical signals that mediate intraspecific communication 
important for mating (Wyatt 2003, 2014). The first sex pheromone to be chemically 
characterised was that of the moth Bombyx mori (Butenandt et al. 1959). Calling female 
moths release pheromones to attract mates (Itagaki and Conner 1988).  These female 
pheromones allow males to find mates over long distances (up to a few miles), especially 
important in night-flying moths. Furthermore, they play an important role in mate 
recognition, and can lead to reproductive isolation and speciation if signals and 
preferences diverge between populations (Schneider 1992; Johansson and Jones 2007; 
Smadja and Butlin 2008; Saveer et al. 2014).  
In many moth species, males also produce pheromones. These male pheromones 
act at a shorter range and are important in courtship and mating decisions (Phelan and 
Baker 1987; Schneider 1992; Lassance and Löfstedt 2009). Whilst male pheromones are 
not as well-studied as their female counterparts,  a wide range of compound types, scent-
disseminating male structures and behavioural roles have been described (Conner and 
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Iyengar 2016). They play a role in female acceptance, and can convey information about 
mate quality and species identity (Conner and Iyengar 2016).  
In contrast to moths which mostly fly at night, most butterflies are diurnal. It is 
therefore thought that butterflies rely more heavily on vision to find mates (Vane-Wright 
and Boppré 1993). This agrees with the fact that long-distance female pheromones have 
not been described in diurnal butterflies. Similar to moths, however, male-emitted 
pheromones play a role in close-range courtship interactions (Schneider 1992; Vane-
Wright and Boppré 1993). Within true butterflies, male pheromones have been described 
in Papilionidae, Pieridae, Lycaenidae and Nymphalidae (Meinwald et al. 1969; Pliske and 
Eisner 1969; Lundgren and Bergström 1975; Grula et al. 1980; Nishida et al. 1996; Ômura 
et al. 2001; Ômura and Honda 2005; Yildizhan et al. 2009; Wang et al. 2014; Ômura and 
Yotsuzuka 2015; Okumura et al. 2016; Pinzari et al. 2018).  
Male pheromones are released from scent organs, which are derived from 
modified scales or hairs, found on the wings, abdominal organs, or appendages (Vane-
Wright 1972). Different varieties, such as hair pencils and patches of specialised scales, 
can be found within the same family of butterflies (Hall and Harvey 2002). The chemical 
bouquets released by male scent organs often consist of multiple types of compounds. 
Macrolides, alkanes, alkenes, alcohols, ketones, aldehydes, and terpenoids can all be 
found within a single species (Schulz et al. 1993; Yildizhan et al. 2009). Some of these 
compounds, however, are not part of the pheromone but rather carrying out other 
functions such as matrix and carrier molecules, as well as cuticular components.  
Information conveyed by sex pheromones in Lepidoptera 
Male pheromones are important for courtship and stimulate female acceptance 
behaviours in some butterflies and moths (Brower and Jones 1965; Meinwald et al. 1969; 
Pliske and Eisner 1969; Grula et al. 1980; Phelan and Baker 1990; Nishida et al. 1996; 
Hillier and Vickers 2004). What is often unclear, however, is whether the compounds are 
merely acting as aphrodisiacs to increase mate acceptance, or if they convey information 
such as species identity or male quality.  
Female-emitted moth pheromones play a role in species recognition and 
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reproductive isolation (Löfstedt et al. 1991; Smadja and Butlin 2008; Wicker-Thomas 
2011). This could also be the case for male pheromones. Species which share a host plant 
with closely related species are more prone to mating mistakes, and also more likely to 
have male scent structures (Phelan and Baker 1987). Furthermore, patterns of character 
displacement in Bicyclus suggest that male sex pheromones contribute to reproductive 
isolation (Bacquet et al. 2015).  If pheromones play a role in species recognition, this 
would predict stabilising selection towards a species stereotype (Löfstedt 1993; 
Johansson and Jones 2007). Species-specificity of male chemical profiles has been seen in 
both Pyrgus and Bicyclus (Hernández-Roldán et al. 2014; Bacquet et al. 2015). Finally, 
behavioural trials have also shown that male pheromones also contribute to reproductive 
isolation in both moths and butterflies (Grula et al. 1980; Lassance and Löfstedt 2009; 
Dopman et al. 2010; Hillier and Vickers 2011).  
Not all male pheromones have species-specific compounds (Conner and Iyengar 
2016). For instance, many male arctiid moths use the pheromones danaidal and 
hyroxydanaidal, derived from pyrrolizidine alkaloids (Schulz 2009). It is likely that instead 
of signalling species identity, these pheromones are related to mate quality (Conner and 
Iyengar 2016). This can be reflective of both direct benefits, such as resources, and 
indirect benefits, such as genetic quality, for the female (Andersson 1994). For 
pheromones to be an honest signal of quality, we expect them to be costly to produce, 
ensuring that only the best quality males can display the preferred pheromonal 
phenotype (Zahavi 1975, 1977), and indeed the cost of pheromone production has 
already been demonstrated in female moths (Harari et al. 2011).  
Male pheromones can be condition-dependent, signalling mate quality. In the 
butterfly Bicyclus anynana, male sex pheromone production is affected by both 
inbreeding and male age (Nieberding et al. 2012; van Bergen et al. 2013). Females prefer 
to mate with mid-aged males rather than younger males, which correlates with changes 
in pheromone composition. Older males may be of higher quality as they have already 
proved their viability by surviving for longer (Brooks and Kemp 2001). Male tobacco 
moths, Ephestia elutella, that are large also have a higher mating success, sire larger 
offspring,  and produce a higher amount of male pheromone (Phelan and Baker 1986). In 
these cases it seems that male pheromones are signalling indirect benefits to females 
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reflecting “good genes” which increase the survivorship or mating success of offspring 
(Andersson 1986, 1994). 
Male sex pheromones can also signal the provision of a direct resource to the 
female. This is particularly common when the resource and pheromone are biochemically 
related. Compounds sequestered from host plants can act as sex pheromones, or 
pheromonal precursors, as well as protective compounds (Landolt and Phillips 1997). One 
of the best studied examples of this is the sequestration of pyrrolizidine alkaloids (PAs) by 
the arctiid moth Uthetheisa ornatrix. The male pheromone of this species, 
hydroxydanaidal, is derived from the sequestered PAs (Conner et al. 1981; Eisner and 
Meinwald 2003). PAs are transferred to the female during mating and chemically protect 
the eggs (Dussourd et al. 1988, 1991). The amount of male pheromone produced is an 
honest signal of the amount of stored alkaloid, thus signalling a direct benefit to the 
female (Eisner and Meinwald 1995; Iyengar et al. 2001).  
Macroevolution of chemical profiles  
Studying the broad-scale phylogenetic and geographic patterns of chemical 
profiles can also help us understand the role of chemical signalling. One hypothesis could 
be that chemical profiles would be species-specific with little variation if important for 
species recognition. On the other hand, we might predict high levels of variation in 
profiles, not necessarily following species boundaries, if profiles signal mate quality. 
However, species identity and mate quality are not mutually exclusive cues. Signals used 
in intraspecific mate assessment can diverge resulting in behavioural isolation (Ryan and 
Rand 1993; Johansson and Jones 2007; Smadja and Butlin 2008; Mendelson and Shaw 
2012). Even if pheromones are important for behavioural isolation, they can exhibit 
variation both within and between populations of the same species, which could be 
important for mate quality assessment (Carde and Allison, 2016). We would expect to 
find at least certain species-specific characteristics to remain constant across the species 
range (Ferreira and Ferguson 2002; Benedict and Bowie 2009; McPeek et al. 2011; Weber 
et al. 2016). Studying patterns of chemical variation both inter- and intra-specifically can 
thus help to understand the role of pheromones in different systems.  
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Furthermore, we can attempt to understand not only the current role of chemical 
signalling, but also how profiles are evolving. Signal divergence can be driven by multiple 
evolutionary forces, including both neutral and adaptive forces, such as selection and drift 
(Leonhardt, Rasmussen, & Schmitt, 2013; Sun et al., 2013). One way to investigate this is 
through phylogenetic studies, whereby strong phylogenetic signal suggests that profiles 
are evolving under genetic drift, at the same rate as species divergence. However, this 
requires a large sample size across a well-described phylogeny. Another similar approach 
is to attempt to correlate genetic distance with phenotypic distance, again with a strong 
positive correlation being consistent with a role for genetic drift (Irwin, Thimgan, & Irwin, 
2008). In this case, a lack of correlation suggests that selection is driving profile evolution 
(Campbell et al., 2010; Conrad, Paxton, Assum, & Ayasse, 2018; Hankison & Ptacek, 2008; 
Mullen, Vignieri, Gore, & Hoekstra, 2009). These studies can be carried out using different 
populations across the range of a species which are related to greater or lesser extents 
and exhibit varying phenotypes.  Macroevolutionary studies prove an exciting and 
complementary approach to studies focusing on one species in detail (Weber et al. 2016).  
Heliconius butterflies as a study system  
Heliconius are a group of Neotropical butterflies that have been studied 
extensively to understand speciation and adaptation (Merrill et al. 2015). They first 
caught the attention of Henry Walter Bates due to their warning colour patterns which 
change with geographic location (Bates 1862). He saw this as an example of natural 
selection in action, in support of Darwin’s theory of evolution by natural selection (Darwin 
1863). Bates also described convergence in colour pattern between species in the same 
location, resulting in the formation of mimicry rings in the Amazon, and led him to 
formulate the theory of mimicry (Bates 1862; Jiggins 2017).  
The warning coloration of Heliconius advertise their unpalatability to predators 
(Brower et al. 1963; Chai and Srygley 1990; Srygley and Chai 1990). Distastefulness is due 
to the presence of cyanogenic compounds in adult butterflies. Heliconius larvae can 
sequester cyanogenic compounds from the Passiflora on which they feed, and also 
synthesise compounds de novo (Nahrstedt and Davis 1985; Engler-Chaouat and Gilbert 
2006; Castro et al. 2018). As adults, they are unique within butterflies as the only genus 
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that exhibit pollen feeding (Gilbert 1972). They process pollen on their proboscis to 
extract amino acids which facilitates a long reproductive lifespan (Dunlap-Pianka et al. 
1977).  It has been proposed that reduced dependence on larval resources for 
reproduction, as eggs are made from adult resources, allows larval resources to be 
directed towards investment in defensive compounds and rapid development (Cardoso 
and Gilbert 2013). Both larval and adult diet therefore play an important role in the 
ecology of Heliconius.  
Over the past 150 years, the wing patterns of Heliconius butterflies have been the 
focus of studies on mimicry and ecology as well as more recent work on genetics and 
development (Merrill et al. 2015; Jiggins 2017). Due to the day-flying nature of butterflies, 
warning colours play a key role in mate-finding and recognition. Male Heliconius exhibit a 
preference for females of their own colour pattern (Jiggins et al. 2001; Kronforst et al. 
2006; Melo et al. 2009; Muñoz et al. 2010; Merrill et al. 2011a,b, 2014; Sánchez et al. 
2015). In many cases, closely related species pairs differ in their warning colour pattern, 
suggesting that mimicry shifts could lead to reproductive isolation and speciation (Jiggins 
et al. 2001; Jiggins 2008).  
Colour pattern and male mate preference divergence cannot explain all cases of 
reproductive isolation in Heliconius. Some closely related species are also co-mimics 
(Brower 1996; Giraldo et al. 2008; Mérot et al. 2013). These species exist in sympatry and 
exhibit strong assortative mating, despite sharing a colour pattern, implicating other cues 
in mate choice (Giraldo et al. 2008). Even in cases where species do differ in colour 
pattern, isolation due to colour pattern preference alone is not as strong as assortative 
mating, suggesting further barriers are required (Jiggins 2008). These earlier studies 
suggest a combination of chemical and visual cues are important in Heliconius. The 
importance of multiple cues for mate choice is now widely appreciated in the literature 
(Candolin 2003; Papke et al. 2007; Girard et al. 2015; Wegehaupt and Wagner 2017).  
Female mate choice in Heliconius 
Heliconius males exhibit strong visual preferences, and male choice acts early in 
courtship and so can be an important isolating barrier between species (Merrill et al. 
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2019). Although females have traditionally been thought of as the ‘choosy’ sex due to 
their higher investment in offspring (Trivers 1972), in Heliconius we expect male choice as 
investment by males is also high.  Males donate a nutrient-rich spermatophore during 
mating which is used in both female somatic tissue and in eggs (Boggs and Gilbert 1979; 
Boggs 1981, 1990). Male choosiness is common in Lepidoptera where male investment is 
high (Bonduriansky 2001). Furthermore, in some species, males mate with females as 
they emerge from the pupa, when females are unable to exert choice (Edwards 1881; 
Gilbert 1991; Deinert et al. 1994; Thurman et al. 2018). At least in H. erato, however, it 
seems that adult mating may be more common in the wild than previously thought 
(Thurman et al. 2018). When butterflies mate as adults, forced copulation is rare in 
Lepidoptera (Wiklund and Forsberg 1986; Forsberg and Wiklund 1989). 
In contrast there has been much less investigation of female mate choice in 
Heliconius. Despite male investment, the operational sex ratio (OSR) suggests that 
females should also be choosy (Emlen and Oring 1977; Clutton-Brock and Vincent 1991; 
Clutton-Brock and Parker 1992). The OSR can be affected, for example, if one sex spends 
more time rearing offspring, or one sex only mates once.  The sex that is less ‘available’ 
overall is in high demand and so will be more choosy. Re-mating is rare in female 
Heliconius, perhaps because pollen-feeding reduces the nutritional benefit of multiple 
matings (Walters et al. 2012; Merrill et al. 2015). The mating decision for females is, 
therefore, proportionally more important than for males. We also need to look beyond 
the dichotomy of male vs female choice as it is likely that both males and females can 
choose whether or not to mate, in other words, there is mutual mate choice 
(Cunningham and Birkhead 1998; Bergstrom and Real 2000). 
There is considerable indirect evidence for female choice in Heliconius. Males may 
court other species or races, but fail to achieve mating, suggesting a role for female 
rejection (Jiggins et al. 2004; Mérot et al. 2015).  More recently, attempts have been 
made to directly measure female preference. Females of H. numata exhibit a 
disassortative mating preference, contributing to the maintenance of an intraspecific 
wing pattern polymorphism (Chouteau et al. 2017). Female mate choice also contributes 
to reproductive isolation between species of Heliconius (Southcott and Kronforst 2018). 
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Furthermore, Heliconius female rejection behaviours have been documented, including 
raising their abdomen and flattening their wings (Mallet 1986; Klein and Araújo 2010).  
Chemical signalling in Heliconius 
It has long been appreciated that odours, as well as visual cues, are used in mating 
(Crane 1955), but most work in Heliconius has emphasised visual cues in both male and 
female choice (Jiggins et al. 2001, 2004; Chouteau et al. 2017; Southcott and Kronforst 
2018). Indeed, Heliconius have increased visual complexity due to the duplication of a UV 
opsin (Briscoe et al. 2010). Nonetheless, genome sequencing revealed a wealth of 
chemosensory genes (Heliconius Genome Consortium 2012) that are likely to be involved 
in various processes, including host plant finding and mating (Briscoe et al. 2013; van 
Schooten et al. 2016). For example, chemical cues are used by males of pupal mating 
species to locate mates. Caterpillars cause leaf tissue damage which increases the release 
of some compounds, which are then used by male H. charithonia to find mates (Estrada 
and Gilbert 2010). They can then also determine the sex of the pupae using chemical cues 
(Estrada et al. 2010). Males also seem to use chemical cues when courting adult 
butterflies. Heliconius erato males can distinguish between conspecific and co-mimic 
wings only when wings have not been washed in hexane (Estrada and Jiggins 2008).  
Early studies of Heliconius often note the strong smell emitted from the genital 
region by both males and females when captured (Müller 1912a; Poulton 1925). These 
scents are described as a repulsive odour, related to protection from predators 
(Eltringham 1925). Due to the proposed anti-predation function, they are described as 
being part of the mimicry phenotype (Collenette 1929). Aposematic warning signals may 
therefore be multimodal in nature, with chemical compounds aiding predator recognition 
(Rothschild 1961; Rojas et al. 2018). There is, however, no direct evidence for a role in 
predator deterrence.  
Whilst it is unclear if genital compounds act as anti-predation cues, we now know 
that they are certainly important for chemical mate guarding. Anti-aphrodisiac 
compounds are transferred from males to females during mating to prevent re-mating by 
making the female unattractive to males, and were first described in Lepidoptera in the 
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1970s in H. erato (Gilbert 1976; Malouines 2017).  The compound acting as an anti-
aphrodisiac in H. melpomene has since been identified as (E)-β-ocimene (Schulz et al. 
2008). As well as potentially leading to sexual conflict over reduced re-mating, anti-
aphrodisiacs could act as honest signals of receptivity, reducing harassment while females 
are unreceptive to further matings (Estrada et al. 2011). Compounds found in male 
genitalia, which potentially act as anti-aphrodisiacs, are diverse, with both type and 
number of compounds varying between species (Estrada et al. 2011). The role of these 
compounds in female choice remains unclear.  
As well as the repulsive compounds found in the genital region, Müller described 
‘scent scales’ in male Heliconius, thought to be aphrodisiac in nature (Müller 1912b). 
‘Scent scales’ have a brush-like structure to aid the emission of sex pheromones (Müller 
1912b; Eltringham 1925; Barth and Barth 1952; Emsley 1963). The region containing 
these scales is known as the androconia and is found in the silvery overlapping region of 
the wing (Emsley 1963). During courtship, males expose the androconia, whilst rapidly 
moving both their fore- and hindwings, presumably to expose the female to the 
compounds which are released (Crane 1955). Exposure of the androconial region occurs 
in all successful matings of H. erato (Klein and Araújo 2010).  
Despite early recognition of the importance of chemical signalling in Heliconius, 
we know very little about male pheromones in this group. Recent efforts to characterise 
the chemistry of the androconial region have found evidence for species differences in 
composition (Mérot et al. 2015; Mann et al. 2017) . Furthermore, H. melpomene females 
prefer to mate with H. melpomene males which have been “perfumed” with a pheromone 
extract from a conspecific male when compared to a H. timareta-perfumed male (Mérot 
et al., 2015). This “perfuming” experiment included both genital and androconial 
compounds and so it is unclear which had the effect on female choice. Whilst the role of 
chemical signaling and female choice in Heliconius are both relatively unexplored areas, it 
seems likely that female choice based on chemical cues is important for mate choice in 
the genus.  
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Where do pheromones come from? 
In order to understand the information that is conveyed by pheromones we need 
to know their source. Many male pheromones are similar in structure to compounds 
found in plants (Baker 1989; McNeil and Delisle 1989; Birch et al. 1990). This suggests that 
males do not synthesise these compounds de novo and instead ingest precursors and 
alter them to produce pheromones, as in Uthetheisa ornatrix (Conner et al. 1981; Eisner 
and Meinwald 2003). If females already use volatile cues to find host plants, the evolution 
of similar male pheromones could take advantage of existing sensory bias (Baker 1989; 
Conner and Iyengar 2016).  
Some Lepidoptera synthesise pheromones de novo (Clearwater 1975; McNeil and 
Delisle 1989; Conner and Iyengar 2016). These pheromones are often long-chain 
hydrocarbons, similar to those produced by female moths (Hillier and Vickers 2004; 
Nieberding et al. 2008; Lassance and Löfstedt 2009). It is thought that pre-existing 
biosynthetic pathways can therefore be co-opted by males to produce new pheromones 
(Conner and Iyengar 2016). Two key pheromone components in Bicyclus anynana are 
produced by conserved genes via a female moth-like biosynthetic route (Liénard et al. 
2014). Furthermore, these pheromones are formed by modification of fatty acids, which 
are productions of primary metabolism (Groot et al. 2016), and thus may be easier to 
evolve than structurally novel pheromones.  
The origin of chemical compounds found in the androconial and genital regions of 
Heliconius is generally unclear. Of the number of androconial compounds described, 
around 70% originate from fatty acid biosynthesis, similar to Bicyclus, and are thought to 
be biosynthesised by the butterflies (Bacquet et al. 2015; Mann et al. 2017). The anti-
aphrodisiac compound of H. melpomene, (E)-β-ocimene, can be synthesised by males 
(Schulz et al. 2008). (E)-β-Ocimene is also a common floral scent (Farré-Armengol et al. 
2017), and so even compounds which look plant-like in structure can potentially be 
synthesised by Lepidoptera, preventing us from inferring compound origin (sequestration 
or biosynthesis) from chemical structure.  
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Genetics and evolution of pheromone production  
Ultimately, to understand how pheromones evolve we need to know their genetic 
basis. Whilst the pheromone composition of many species has been described, the 
genetic changes underlying chemical diversity is often not known (El-Sayed 2007; 
Symonds and Elgar 2008; Groot et al. 2016). To date, the genetics of butterfly pheromone 
production has only been studied in Bicyclus anynana (Liénard et al. 2014). Classic 
debates in trait evolution include whether gradual or saltational changes (small or large 
effect mutations) are more important (Baker 2002; Symonds and Elgar 2008), and the 
importance of coding vs. regulatory changes (Roelofs et al. 2002; Lassance et al. 2013).  
Determining the genetic basis of pheromone production can also help us to 
understand convergence, the evolution of the same phenotype between different 
species. Convergence has been studied in a diverse range of systems, and can be due to 
differing molecular mechanisms (Stern 2013). It can be the result of independent genetic 
mutations in the different species, shared ancestry or hybridisation, or even horizontal 
gene transfer (Stern 2013). To know which of these scenarios has occurred we need to 
know the genetic basis of the trait of interest in both lineages.  
Plants and insects often use the same or very similar compounds for attraction 
and defence (Schiestl 2010). In most cases where both plants and insects are 
biosynthesising the same compound the genetic basis of convergence is unclear (Beran et 
al. 2019). Some of these biosynthetic pathways, such terpene production, are better 
described in plants and we are only beginning to investigate whether the same pathways 
are used by insects. One possibility is that the same biosynthetic machinery is used due to 
horizontal transfer of genes between plants and insects.  This has not been recorded for 
pheromone biosynthesis but could be possible as aphid carotenoid biosynthesis evolved 
from genes transferred from fungi (Moran and Jarvik 2010). Nonetheless, it seems most 
likely that biosynthetic pathways evolved independently in plants and insects (Beran et al. 
2019).  
An interesting example where we can investigate convergent evolution is the 
production of (E)-β-ocimene by H. melpomene males. (E)-β-Ocimene belongs to the 
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largest and most structurally diverse group of natural product compounds, the terpenes 
(Gershenzon and Dudareva 2007).  Until recently, terpene synthase (TPS) genes were only 
known from plants and fungi among the eukaryotes, with the suggestion that insects 
could not synthesise terpenes de novo, instead deriving them from plants (Chen et al. 
2016). Recently, insect TPSs, which are unrelated to plant TPSs, have been described in 
Hemiptera and Coleoptera, suggesting an independent evolutionary origin (Gilg et al. 
2005, 2009; Beran et al. 2016, 2019; Lancaster et al. 2018, 2019). β-Ocimene synthases 
have been described in plants but not animals, allowing us to investigate convergence 
between plants and insects (Farré-Armengol et al. 2017).  
It is still unclear if the evolution of TPS activity has occurred only once in insects or 
multiple times (Beran et al. 2019; Lancaster et al. 2019). Interestingly, ocimene is used as 
a recruitment pheromone by Bombus terrestris and a larval pheromone by Apis mellifera 
(Granero et al. 2005; Maisonnasse et al. 2010). It is not known if biosynthesis in 
Hymenoptera has an independent evolutionary origin to that in Lepidoptera. Determining 
the genetic basis of (E)-β-ocimene production in Heliconius will shed light not only on the 
evolutionary origin of TPSs activity in insects, but also the convergent use of the same 
compounds for different function between insect lineages.  
Many of the enzymes involved in pheromone production are members of large 
protein families (Groot et al. 2016). These families are often characterised by gene 
duplication events, as well as the presence of pseudogenes (Nei et al. 1997; Eirín-López et 
al. 2012). Moth desaturases seem to follow a birth-and-death model of multi-gene family 
evolution (Roelofs and Rooney 2003). Gene families expand and contract through gene 
duplication and gene deletion (Nei and Rooney 2005). Following duplication, genes can be 
lost by deterioration to pseudogenes, gain new functions through neofunctionalization, 
or retain ancestral functions through subfunctionalisation (Wagner 1998; Force et al. 
1999; Rastogi and Liberles 2005; Assis and Bachtrog 2013).  
Fatty acyl reductases and desaturases involved in moth pheromone production 
belong to large protein families. Subfunctionalisation following gene duplication could 
explain pheromone differences due to desaturases between Ostrina moth species 
(Roelofs et al. 2002). Coding differences between fatty acyl reductases can alter substrate 
 13 
preference between the enzymes of different species, and so enzymes can evolve new 
functional properties as well as partitioning ancestral ones (Lassance et al. 2013). Plant 
TPSs can be categorised into seven subfamilies, highlighting the diversity of these 
enzymes (Chen et al. 2011). Gene duplication and neofunctionalization play an important 
role in their evolution, with closely-related enzymes able to produce different compounds 
(Nagegowda et al. 2008; Chen et al. 2011). To date, lineage-specific duplications have 
only been described in one family of TPS genes in insects (Beran et al. 2016), likely due to 
the limited number of insect TPS genes described. Investigating the genetic basis of (E)-β-
ocimene in Heliconius butterflies will allow us to ask how TPS genes have evolved in this 
group. 
Challenges in chemical ecology 
The first step in understanding the chemical ecology of a species is usually the 
observation of a behavior which suggests chemical signaling is important. Once this is 
established, the potential pheromone components need to be identified. Chemical 
extracts are analysed by GC-MS and the resulting spectra compared to known compound 
libraries and chemical standards. Synthesis may be required to identify more unusual 
components of the blend. The pheromone blend of hundreds of species of Lepidoptera 
can be found on Pherobase, a database for pheromone components (El-Sayed 2007). In 
many cases, however, it is not clear which components of the blend act as the 
pheromone.  
To identify the active components of the blend we need a bioassay. Behavioural 
assays of female pheromones are relatively straight forward as male attraction to 
compounds can be measured in wind tunnels. The response of females to male 
pheromones is generally harder to measure, especially without a detailed understanding 
of courtship in the species of interest. This is certainly true in Heliconius, where female 
behaviour has rarely been studied (but see: Klein and Araújo 2010; Chouteau et al. 2017; 
Southcott and Kronforst 2018).  
In these cases where behavioural trials are difficult or time-consuming, 
electroantennograms can be used as a complementary approach. This technique 
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measures the electrophysiological response of antennae to a compound or mix of 
compounds. Whilst this does not determine whether a response is positive or negative, it 
at least can show which components of a blend may be biologically active. In Heliconius, 
this has been used to determine an active component of the androconial bouquet of H. 
melpomene: octadecanal (Byers et al. 2019). A further technique, gas-chromatography 
coupled with electroantennographic detection (GC-EAD), involves separation of a blend 
whilst measuring antennal response, thus allowing identification of all active components 
in the blend (Arn et al. 1975). GC-EAD has been used to investigate responses of H. 
melpomene to floral scents, where a strong antennal response to the plant volatile (E)-β-
ocimene was detected (Andersson and Dobson 2003). (E)-β-Ocimene is also the anti-
aphrodisiac of H. melpomene, which has been confirmed behaviourally (Schulz et al. 
2008).  
In this thesis I propose a complementary statistical approach to bioassays. We 
expect pheromones to experience stabilizing selection towards a species stereotype, 
especially if they play a role in species recognition (Löfstedt 1993; Johansson and Jones 
2007). These species-specific characteristics are therefore likely to remain constant across 
the species range (Ferreira and Ferguson 2002; Benedict and Bowie 2009; McPeek et al. 
2011; Weber et al. 2016). We can therefore look at patterns of intraspecific variation 
across a geographic range to identify invariant components of the blend, found in all 
individuals. Furthermore, we can try to identify compounds or combinations of 
compounds which uniquely identify a species, in other words, they are found in all 
individuals of a certain species but not in individuals from other species in the study. This 
“indicator” approach seems a promising first step in pheromone identification. 
Compounds identified by statistical methods or electrophysiology must then be tested 
behaviourally, but at least these initial steps narrow the list of candidates significantly.  
Outline of thesis 
In this thesis I investigate the role of chemical signalling in mate choice of 
Heliconius butterflies. I investigate the effect of diet on pheromone production, offering 
insight into the information conveyed by these signals. I use a broad geographic study to 
look for patterns of evolution both within and between species, as well as identifying 
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species-specific compounds, which are candidates for species recognition components. I 
also study the genetic basis for the biosynthesis of the terpene (E)-β-ocimene, which is 
used by H. melpomene as an anti-aphrodisiac, providing insights into convergent 
evolution both between plants and insects, and also between different insect lineages. 
Together, these results provide insights into the chemistry, ecology, evolution, and 
genetics of an understudied signal in a butterfly with a long history of visual studies. 
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Chapter 2 
Male sex pheromone components in Heliconius 
butterflies released by the androconia affect female choice 
Abstract 
Sex specific pheromones are known to play an important role in butterfly 
courtship, and may influence both individual reproductive success and reproductive 
isolation between species. Extensive ecological, behavioural and genetic studies of 
Heliconius butterflies have made a substantial contribution to our understanding of 
speciation. Male pheromones, although long suspected to play an important role, have 
received relatively little attention in this genus. Here, we combine morphological, 
chemical and behavioural analyses of male pheromones in the Neotropical butterfly 
Heliconius melpomene. First, we identify putative androconia that are specialized brush-
like scales that lie within the shiny grey region of the male hindwing. We then describe 
putative male sex pheromone compounds, which are largely confined to the androconial 
region of the hindwing of mature males, but are absent in immature males and females. 
Finally, behavioural choice experiments reveal that females of H. melpomene, H. erato 
and H. timareta strongly discriminate against conspecific males which have their 
androconial region experimentally blocked. As well as demonstrating the importance of 
chemical signalling for female mate choice in Heliconius butterflies, the results describe 
structures involved in release of the pheromone and a list of potential male sex 
pheromone compounds.  
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Introduction 
Sex pheromones are species-specific blends of chemical compounds that mediate 
intraspecific communication between males and females (Wyatt 2003, 2014). Among 
insects, pheromone communication can involve a single chemical, but often relies on a 
complex combination of multiple chemical components (Grillet et al. 2006; Nieberding et 
al. 2008; Symonds et al. 2012). This chemical complexity provides the potential to convey 
sophisticated information, such as the inbreeding status of the emitter (Ando et al. 2004; 
van Bergen et al. 2013; Menzel et al. 2016), mate quality (Dussourd et al. 1991; Ruther et 
al. 2009), and species identity (Danci et al. 2006; Saveer et al. 2014). Perhaps the best 
studied insect sex pheromones are those produced by female moths to attract mating 
partners, often over long distances (Löfstedt 1993; Smadja and Butlin 2008). However, 
male insects also produce sex pheromones (Eggert and Müller 1997; Kock et al. 2007; 
Ruther et al. 2009; Meinwald et al. 1969), and chemical signalling can occur over short 
distances (Nishida et al. 1996; Mas and Jallon 2005; Smadja and Butlin 2008; Wicker-
Thomas 2011; Grillet et al. 2012). 
Sex pheromones can play a key role in determining the reproductive success of 
individuals within a species, and may also result in reproductive isolation between species 
if signals diverge (Johansson and Jones 2007; Smadja and Butlin 2008; Wyatt 2014). 
Within Lepidoptera, the importance of chemical signalling in mate choice and speciation 
is well established among moth species (Phelan and Baker 1987; Löfstedt 1993; Bethenod 
et al. 2004; Dopman et al. 2010; Saveer et al. 2014). Most moths fly at night, when visual 
signalling is unlikely to be as effective in attracting mates. In contrast, butterflies are 
mostly diurnal and visual signals are usually important for initial mate attraction (Vane-
Wright and Boppré 1993). However, chemical signals can play other roles in butterfly 
mate choice, with evidence that close-range courtship interactions often involve 
pheromones emitted by males, in contrast to the long-distance signalling with female-
emitted pheromones more commonly observed in moths (Vane-Wright and Boppré 
1993). Acceptance behaviour in the queen butterfly Danaus berenice, for example, is 
regulated by a dihydropyrrolizine alkaloid released by the male during courtship (Brower 
and Jones 1965; Meinwald et al. 1969; Pliske and Eisner 1969). Another danaine butterfly, 
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Idea leuconoe, displays brush-like structures, called ‘hair-pencils’, emitting a mixture of 
volatiles during courtship, which when applied to dummy males elicits an acceptance 
posture in females (Nishida et al. 1996). Pieris rapae and P. brassicae both use 
macrocyclic lactones as a pheromone to induce acceptance in females (Yildizhan et al. 
2009). Finally, in Bicyclus anynana males with reduced amounts of male sex pheromone 
have decreased mating success, implying a direct involvement in reproductive fitness 
(Nieberding et al. 2008, 2012).  
Here we focus on the potential role of male pheromones in Heliconius butterflies. 
Heliconius is a diverse Neotropical genus, which has been extensively studied in the 
context of adaptation and speciation (Jiggins 2008; Supple et al. 2014; Merrill et al. 2015). 
These butterflies are well known for Müllerian mimicry, in which unrelated species 
converge on the same warning signal to more efficiently advertise their unpalatability to 
predators. Closely related Heliconius taxa, however, often differ in colour pattern and 
divergent selection acting on warning patterns is believed to play an important role in 
speciation (Bates 1862; Jiggins et al. 2001; Merrill et al. 2011b).  
Male Heliconius display conspicuous courtship behaviours likely because the 
availability of receptive females in nature is limited. Female re-mating is a rare event in 
Heliconius (Walters et al. 2012) and males must compete to find virgin females within a 
visually complex environment (Merrill et al. 2015). In addition, males donate a nutrient-
rich spermatophore during mating (Boggs and Gilbert 1979; Boggs 1981) which, together 
with costs associated with extended copulation, will select for discrimination against less 
suitable mates in both sexes. A combination of colour (hue) and movement stimulates 
courtship by Heliconius males (Crane 1955). More recently, it has repeatedly been shown 
across multiple Heliconius species that males are more attracted to their own warning 
pattern than that of closely related taxa (Jiggins et al. 2001, 2004; Kronforst et al. 2006; 
Melo et al. 2009; Muñoz et al. 2010; Merrill et al. 2011a,b, 2014; Finkbeiner et al. 2014; 
Sánchez et al. 2015). In addition to colour pattern, male Heliconius also use chemical 
signals to locate and determine the suitability of potential mates. This includes the use of 
green leaf volatiles during mate searching. Six-carbon alcohols and acetates are released 
by host plants in larger amounts after leaf tissue damage caused by caterpillars, which 
adult males of the pupal mating species H. charithonia then use to find potential mates 
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(Estrada and Gilbert 2010). Once males find pupae they also use chemical cues to 
determine sex (Estrada et al. 2010). Supporting a further role for chemical signals, 
Heliconius erato males distinguish between wings dissected from conspeciﬁc and local H. 
melpomene females that are virtually identical in wing pattern, but this effect disappears 
after wings have been washed in hexane (Estrada and Jiggins 2008). 
As well as attraction, chemicals can also be involved in repulsion. Males are 
repelled by a strong odour released by previously mated females (Gilbert 1976). This 
‘anti-aphrodisiac’ is produced by males soon after eclosion and is then transferred during 
copulation (Schulz et al. 2008). The abdominal glands of male H. melpomene, for 
example, contain a complex chemical bouquet consisting of the volatile compound (E)-β-
ocimene together with some trace components and esters of common C16 – and C18 – 
fatty acids with alcohols, where β-ocimene acts as the main anti-aphrodisiac component 
(Schulz et al. 2008). This anti-aphrodisiac effect occurs in several Heliconius species, which 
show species-specific patterns of scent gland constituents (Gilbert 1976; Estrada et al. 
2011).   
Despite the focus on male mate choice, analysis of courtship in Heliconius has 
shown that females can exhibit rejection behaviours, such as raising their abdomen and 
flattening their wings (Mallet 1986; Klein and Araújo 2010). There are also a number of 
observations that indicate a role for chemical recognition in female mate choice. 
Heliconius erato males separate their wings during courtship to reveal the silvery overlap 
region, suggested to be involved in the distribution of pheromones. This behaviour, 
described as androconial exposition, occurs in every courtship that results in mating, 
suggesting that pheromones influence the female response (Klein and Araújo 2010). 
Additionally, direct evidence that Heliconius females use chemical signals to distinguish 
conspecific males comes from studies of the closely related species H. timareta and H. 
melpomene, which share the same warning patterns in Peru (Mérot et al. 2015). Males 
experimentally treated with abdominal scent glands and wing extracts of heterospecifics 
show a reduced probability of mating. Chemical analysis of both abdominal gland and 
whole wings provides evidence for qualitative and quantitative differences in the 
chemical signatures between these closely related species (Mérot et al. 2015). 
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Here, we investigate the role of chemical signalling in female mate choice in 
Heliconius at three levels. First, we investigate morphological structures potentially 
associated with pheromone production. In butterflies, a variety of species-specific 
structures including brushes, fans, and differentiated scales on wings, legs or abdomen 
are used to expose pheromones produced in associated glands (Wyatt 2003; Nieberding 
et al. 2008). In particular, male-specific scent glands, termed androconia, are common 
across the Lepidoptera. In male Heliconius, a patch of shiny grey scales is present on the 
overlapping region of the hind and forewing (Fig. 1). The observed sexual dimorphism in 
this trait suggests that these are androconia, and may be associated with a male sex 
pheromone (Emsley 1963). Furthermore, earlier authors have identified brush-like scales 
in the hindwing androconial region that are the putative site for pheromone production 
and emission (Müller 1912b; Barth 1952). Here we investigate the structure of these 
scales using scanning electron microscopy. Second, we complement recently published 
chemical analysis of whole H. melpomene wings (Mérot et al. 2015) by dissecting wing 
regions to identify those associated with the production of compounds and identify the 
potential male sex pheromone compounds isolated from this region. As H. melpomene 
rosina was available for more extensive behavioural experiments at the insectaries in 
Panama, we focused further work on this population, including repeating chemical 
analyses to ensure that the sexual dimorphism was also present. Finally, we carry out 
mate choice experiments in H. melpomene rosina, H. melpomene malleti, H. timareta 
florencia and H. erato demophoon to test the importance of pheromones for female 
choice in Heliconius.   
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Figure 1: Heliconius melpomene wings showing androconial dimorphism. (A) H. 
melpomene malleti (Ecuador sample, left) and H. melpomene plesseni (Ecuador sample, 
right). (B) Dissected wings from specimens of H. melpomene plesseni showing sexual 
dimorphism in the androconial region, with male (left) and female (right). For each sex, 
the left set of wings shows the ventral surface and the right set the dorsal surface. (C) 
Expanded view of the male forewing overlapping region. The pale grey-brown region was 
dissected for chemical analysis. (D) Expanded view of the male hindwing androconial 
region, with arrow highlight the vein Sc + R1. The pale grey-brown region was dissected 
for chemical analysis. The ventral side of the forewing is on the top and the dorsal side of 
the hindwing is on the bottom. The pale grey-brown region in the male wing was 
dissected for chemical analysis. 
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Methods 
Individuals used for morphological and chemical analyses were from an outbred 
stock of Heliconius melpomene plesseni and Heliconius melpomene malleti (sold as H. m. 
aglaope), maintained at the University of Cambridge insectaries (Fig. 1A). These two races 
are from the region of a hybrid zone in the eastern Andes of Ecuador, and showed 
considerable inter-racial hybridization in the stocks, so are treated here as a single 
population and referred to as the Ecuador samples. These stocks were established from 
individuals obtained from a commercial breeder (Stratford-Upon-Avon Butterfly Farm, 
Swans Nest, Stratford-Upon-Avon, CV37 7LS, UK: www.butterflyfarm.co.uk). Laboratory 
stocks were maintained on the larval food plants, Passiflora menispermifolia and P. 
biflora. Adult butterflies were fed on ~10% sucrose solution mixed with an amino acid 
supplement (Critical Care Formula®, Vetark Professional, Winchester, UK). Further 
chemical and behavioural analysis were carried out on the mimetic but distantly related 
H. melpomene rosina and H. erato demophoon reared at the Smithsonian Tropical 
Research Institute (STRI) facilities in Gamboa, Panama, and are referred to as the Panama 
samples. Both males and females of the Panama samples were from outbred stocks 
established from wild individuals collected in Gamboa (9˚7.4’ N, 79˚42.2’ W, elevation 60 
m) within the nearby Soberania National Park, and San Lorenzo National Park (9°17’N, 
79°58’W; elevation 130 m). Larvae were reared on Passiflora williamsi and P. biflora. 
Adult butterflies were provided with ~20% sugar solution with Psychotria sp., Gurania sp., 
and Psiguiria sp. as pollen sources. Finally, behavioural experiments were carried out in 
the mimetic and closely related species Heliconius melpomene malleti and H. timareta 
florencia reared at the insectaries of Universidad del Rosario (UR) in La Vega, Colombia. 
These stocks derived from wild caught individuals from Sucre, Caqueta (01°48'12" N, 
75°39'19"W, elevation 1200 m). Larvae were reared on Passiflora oerstedii and adults 
were provided with Psiguiria sp. as pollen source and ~20% sugar solution.  
Morphological analysis 
The detailed morphology of androconial scales was determined using a Field 
Emission Scanning Electron Microscope. Three males and two females of H. melpomene 
from Ecuador were used for this analysis. The overlap grey scale region was dissected out 
 24 
from both hind and forewings and attached to aluminium stubs with carbon tabs and 
subsequently coated with 20nm of gold using a Quorum/Emitech sputter coater. The 
gold-coated regions were then viewed in an FEI XL30 FEGSEM operated at 5kV. Images 
were recorded digitally using XL30 software at 500x magnification.  
Characterization of potential male sex pheromone 
Wing tissue from ten males (five newly emerged and five 10-day old) and five 
females (10-day old) from the Ecuador stock was collected between November 2011 and 
March 2012 for chemical analysis. Wings were dissected into four parts: forewing overlap, 
hindwing androconia, forewing rest and hindwing rest.  The ‘androconia’ and ‘overlap’ 
regions corresponded to the grey-brown region (Fig. 1B, 1C and 1D), with rest 
corresponding to the remaining portion of the wing which is not overlapping. In females, 
a region corresponding in size and extent to the grey-brown region seen in males was 
dissected. The dissected sections were then immediately placed in 200μl hexane or 
dichloromethane in 2mL glass vials and allowed to soak for three hours. Initial analysis 
showed no major differences in extracted chemicals between hexane and 
dichloromethane extracts (data not shown). Therefore, the more polar dichloromethane 
was used in later analyses. Due to a larger available stock of H. melpomene rosina for 
behavioural experiments, hindwing androconial tissue was also then collected from 20 
males and 11 females (both 10-12 days old) in Panama between February and July 2016. 
The tissue was soaked in 200μl dichloromethane in 2ml glass vials, with PTFE-coated caps, 
for one hour. The extraction time was shortened as this had no influence on the results 
(Fig S1). The solvent was then transferred to new vials and stored at -20°C. Samples were 
evaporated under ambient conditions at room temperature prior to analysis.  
Mature male androconial extracts from the Ecuador stock were analysed by gas 
chromatography/mass spectrometry (GC/MS) using a Hewlett-Packard model 5975 mass-
selective detector connected to a Hewlett-Packard GC model 7890A, and equipped with a 
Hewlett-Packard ALS 7683B autosampler. All other Ecuador extracts were analysed by 
comparison to the male androconial results. Extracts from the Panama stock were 
analysed by GC/MS using a Hewlett-Packard model 5977 mass-selective detector 
connected to a Hewlett-Packard GC model 7890B, and equipped with a Hewlett-Packard 
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ALS 7693 autosampler. HP-5MS fused silica capillary columns (Agilent, 30 m × 0.25 mm, 
0.25 µm) were used in both GCs. In both cases, injection was performed in splitless mode 
(250°C injector temperature) with helium as the carrier gas (constant flow of 1.2 ml/min). 
The temperature programme started at 50°C, was held for 5 min, and then rose at a rate 
of 5°C/min to 320°C, before being held at 320°C for 5 minutes. Components were 
identified by comparison of mass spectra and gas chromatographic Kovats retention 
index with those of authentic reference samples and also by analysis of mass spectra. The 
double bond positions of unsaturated compounds were determined by derivatisation 
with dimethyl disulfide (Buser et al. 1983). To confirm chemical structures, alcohols were 
synthesised from the corresponding methyl esters by reduction according to established 
procedures (Becker and Beckert 1993 p. 570). The aldehydes were synthesised by 
oxidation of the respective alcohols (More and Finney 2002).  
Compounds found in the extracts were quantified using gas chromatography with 
flame ionisation detection with a Hewlett-Packard GC model 7890A or 7890B equipped 
with a Hewlett-Packard ALS 7683B (Ecuador) or 7693 (Panama) autosampler. A BPX-5 
fused silica capillary column (SGE, 25 m × 0.22 mm, 0.25 µm) was used in both cases. 
Injection was performed in splitless mode (250°C injector temperature) with hydrogen as 
the carrier gas (constant flow of 1.65 ml/min). The temperature programme started at 
50°C, held for 5 min, and then rose to 320°C with a heating rate of 5°C/min. Pentadecyl 
acetate (10.1 ng) or (Z)-4-tridecenyl acetate (1 ng) were used as internal standard for 
Ecuador samples, and 2-tetradecylacetate (200ng) for Panama samples. Only compounds 
eluting earlier than hexacosane were considered for analysis. Later compounds were 
identified as cuticular hydrocarbons, 2,5-dialkyltetrahydrofurans, cholesterol and 
artefacts (e.g. phthalates or adipates). The variability in the late eluting cuticular 
hydrocarbons was low and did not show characteristic differences between samples. 
For the Ecuador samples, groups were visualised as boxplots, due to the high 
frequency of absent compounds in the samples. We then used non-parametric Kruskal-
Wallis to test for differences between the amounts of compounds present in different 
wing regions of mature males, and also between age and sex categories. This was 
followed up by Dunn post-hoc testing (Dinno 2017; Ogle 2017), with Bonferroni 
correction.  
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For the Panama samples, due to the higher sample size, and larger number of 
compounds identified we visualised the males and females as two groups using a non-
metric multidimensional scaling (NMDS ordination, based on a Bray-curtis similarity 
matrix. We used the metaMDS function in the package vegan  (Oksanen et al. 2017), with 
visualisation using the package ade4 (Dray and Dufour 2007). This was followed up with 
ANOSIM to compare differences between groups, and non-parametric Kruskal-Wallis 
tests to determine which compounds differed between sexes. All statistical analyses were 
performed with R version 3.3.1 (R Core Team 2018).  
Behavioural experiments 
To test female acceptance of male pheromones, behavioural experiments were 
conducted in insectaries at STRI, Gamboa, Panama between February and July 2016, and 
also in insectaries at UR in La Vega, Colombia between November 2015 and June 2016. 
One day old virgin females were presented with a control male and a ‘pheromone 
blocked’ male, both of which were at least ten days old. Males from Panama were treated 
with transparent nail varnish (Revlon Liquid Quick Dry containing cyclomethicone, 
isopropyl alcohol, ethylhexyl palmitate, mineral oil and fragrance) applied to wings, 
following Constanzo and Monteiro (Costanzo and Monteiro 2007). Males from Colombia 
were treated with transparent nail varnish (Vogue Fantastic containing butyl acetate, 
ethyl acetate, nitrocellulose, adipic acid, neopentyl glycol, trimellitic anhydride 
copolymer, isopropyl alcohol, acetyl tributyl citrate, stearalkonium bentonite, styrene, 
acrylates copolymer, silica benzophenone-1, calcium sodium borosilicate, synthetic 
fluorphlogopite, polyethylene terephthalate and polyurethane-11). Pheromone blocked 
males had the dorsal side of their hindwing androconia blocked, whilst control males had 
the same region on the ventral side of the wing blocked.  
Males were randomly marked using a black Sharpie marker with an ‘x’ on either 
their left or right wing for identification purposes during the experiment. In Panama, 
experiments began at 8.30am and males were left in the cage until 3pm. During mating, 
Heliconius pairs invariably remain connected for at least an hour and so observations 
were made every hour to check for matings. If no mating occurred on the first day, this 
was repeated the next day with the same butterflies. Behavioural observations were 
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recorded for 17 trials with H. erato demophoon and 31 trials with H. melpomene rosina 
for the first two hours of the experiment on day one. Observations were divided into one 
minute intervals, during which both female and male behaviours were recorded. In 
Colombia, experiments were conducted from 7am to 1pm, checking every 30 minutes for 
matings. As before, if no mating occurred on the first day, the experiment was repeated 
the next day with the same butterflies. Female behavioural observations were recorded 
for 17 trials with H. timareta florencia and 18 trials with H. melpomene malleti for the first 
two hours of the experiment on day one. Observations were divided into one minute 
intervals and were recorded only when a male was actively courting the female. Four 
female behaviours were recorded: ‘Flutter’ refers to a high frequency flutter of the wings 
with a raised abdominal position carried out when another butterfly is in close proximity, 
which has typically been interpreted as a rejection behaviour (Klein and Araújo 2010; 
Jiggins 2017). ‘Wings open’ refers to when the female is alighted with wings open and 
abdomen raised but without wing fluttering; ‘Abdomen up’ refers to when the female is 
alighted with wings closed and abdomen concealed within the wings; ‘Fly away’ refers to 
when the female flies away from the male. Of note, ‘Flutter’ behaviour was only observed 
when a male was actively courting the female. Male courtships, previously defined as 
hovering directly over the female (Klein and Araújo 2010), were recorded. Mating 
outcome results were analysed with binomial tests. We used generalized linear mixed 
models (GLMMs) with a binomial error distribution and logit link function to test whether 
females respond differently to control and experimental males. The response variable 
was derived from trial minutes in which males courted where females performed a 
particular behaviour (‘success’) or did not (‘failure’). Significance was determined with 
likelihood ratio tests comparing models with and without male type included as an 
explanatory variable. Individual female was included as a random effect in all models to 
avoid pseudoreplication. All statistical analyses were performed with R version 3.3.1 (R 
Core Team 2018), along with the packages ggplot2 (Wickham 2009), car (Fox and 
Weisberg 2011) and binom (Dorai-Raj 2014). 
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Results 
Morphological analysis 
We identified a marked sexual dimorphism in scale structure (Fig. 2). In the central 
region of the male hindwing androconia along vein Sc+R1 we identified specialised scales 
(Fig. 2A), which were absent in females and in the forewing overlap region of males (Fig. 
2B, 2C). These scales had brush-like structures at their distal end (Fig. 2D), and were not 
detected in any other wing region examined. The brush-like scales were found in 
alternating rows with scales with a normal structure. Moving away from the Sc+R1 wing 
vein, the density and width of these scales decreased, with isolated brush-like scales 
found completely surrounded by normal scales. In addition, the base of these brush-like 
scales was more swollen and glandular as compared to other scales (Fig. 3).  
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Figure 2: SEM images of scales from overlap regions of H. melpomene wings. (A) 
Male hindwing; (B) male forewing and; (C) female hindwing at 500× magnification. (D) 
Magnified view of brush-like structures of the special scales in the male hindwing 
androconial region. Scale bars indicate 50 µm (A–C) and 2 µm (D). 
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Figure 3: SEM images of scales from hindwing overlap region in female and 
male H. melpomene. (A) Scale from wing-overlap region of female. (B) Scale from 
androconial region of male with brush-like structures; the arrow highlights the bulge in 
the scale base in this region. Scale bars indicate 10 µm.  
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Characterization of potential male sex pheromone  
We initially investigated candidate wing pheromone composition using a stock of 
butterflies from Ecuador. By use of GC/MS and synthesis, six compounds were 
consistently found in the male wing extracts from these samples (Fig. 4) that were 
identified as the aldehydes (Z)-9-octadecenal, octadecanal, (Z)-11-icosenal, icosanal, and 
(Z)-13-docosenal and the alkane henicosane (C21).  
Firstly, a comparison of different wing regions of 10-day old males was carried out 
(Fig. 5A). Henicosane was found in all regions of the wing and was not considered in 
further analysis. The amount of (Z)-9-octadecenal was not significantly different between 
area categories. Octadecanal, (Z)-11-icosenal, icosanal and (Z)-13-docosenal showed 
significant differences between wing areas. Post-hoc testing found that these four 
compounds were significantly more abundant in the hindwing androconia than the rest of 
the forewing and hindwing, but not the forewing overlap region (see Table S1 for 
statistical details). We suggest that the hindwing overlap region be referred to as the 
androconial region, based on morphological and chemical analyses. The potential role of 
the, forewing overlap region as an androconia remains to be demonstrated. 
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Figure 4: Regional differences in male androconial extracts. Total ion 
chromatogram of extract from the androconial region of (A) a Panamanian H. 
melpomene rosina hindwing and (B) an Ecuadorian H. melpomene hindwing. 1, 
syringaldehyde; 2, (Z)-9-octadecenal; 3, octadecanal; 4, methyloctadecanals; 5, 1-
octadecanol; 6, henicosane; 7, methyloctadecan-1-ols and nonadecanal; 8, (Z)-11-
icosenal; 9, icosanal; 10, (Z)-11- icosenol; 11, tricosane; 12, (Z)-13-docosenal. All peaks 
eluting later than 44 min are cuticular compounds consisting of larger n-alkanes, 2,5-
dialkyltetrahydrofurans, cholesterol or are contaminations. IS, internal standard. 
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Figure 5: Compounds detected by GC/MS of H. melpomene (Ecuador samples) 
wing extracts. (A) Presence of compounds in different wing regions of five males (10 days 
post-eclosion). (B) Presence of compounds in five females (10 days post-eclosion), five 
young males (0 days post-eclosion) and five old males (10 days post-eclosion). 
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Secondly, the hindwing overlap region of old males, old females, and young males 
were compared (Fig. 5B). With the exception of henicosane, the other compounds were 
observed to be age-specific and sex-specific. (Z)-9-octadecenal was found more in old 
males than young males or old females but this was not statistically significant. In 
contrast, octadecanal, (Z)-11-icosenal, icosanal and (Z)-13-docosenal showed significant 
differences between age and sex categories. Post-hoc testing found that these 
compounds were all present in significantly greater amounts in old males than young 
males or old females (See Table S2 for statistical details).  
As stocks of H. melpomene rosina from Panama were available for behavioural 
assays, we then investigated the chemical composition of this population, using a larger 
sample size. These Panama samples showed some similarities to the Ecuadorean samples, 
although they contained more compounds and in higher amounts (Fig. 4; Fig. S2 and 
Table S3). Females and males grouped separately with NMDS visualisation, and these 
groups were significantly different (Fig. S2). In this larger dataset, (Z)-9-octadecenal, 
octadecanal, (Z)-11-icosenal, icosanal, (Z)-13-docosenal and henicosane were all found in 
significantly larger amounts in old males than old females, along with many other 
compounds (Table S3). Small amounts of nonadecanal, methyl-branched octadecanals 
and their respective alcohols occurred that had not been detected in the Ecuador 
samples, potentially due to the difference in equipment sensitivity, genuine geographic 
variation, or the fact that the Ecuadorean butterflies have spent more generations in 
captivity. Additionally, syringaldehyde was present, which was not detected in the 
Ecuador samples.  
Behavioural experiments 
In our mate choice trials, females of all four species/races discriminated against 
conspecific males in which pheromone transmission was experimentally blocked (Table 
1). Across all four taxa tested, only seven of 71 matings (9.8%) were with the pheromone 
blocked male, with the remaining 64 matings (90%) being with the control (unblocked) 
males. This was not due to altered male courtship attempts as control and experimental 
males courted equally in three out of four species (Fig. S3). In experiments with H. 
timareta florencia, the control males courted more than experimental males (Fig. S3). 
 35 
When data from H. timareta florencia are excluded, 48 out of 52 matings (92%) occurred 
with the control (unblocked) males.   
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Table 1: Outcome of mate choice trials across different species/races. Proportion 
of successful copulations with the control male was tested using an exact binomial test. 
Females mated significantly more with the control male than the experimental 
(pheromone-blocked) male in all four populations. Statistical analysis based on females 
which mated. 
Species 
Mated with 
control 
Mated with 
experimental 
Did not mate p-value (Exact 
Binomial Test) 
H. melpomene rosina 15 0 18 <0.001 
H. erato demophoon 14 1 31 <0.001 
H. melpomene 
malleti 
19 3 8 <0.001 
H. timareta florencia 16 3 5 <0.01 
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We observed no consistent significant differences in female behavioural responses 
towards control and experimental males (Fig. 6). Some female behaviours were observed 
more often towards experimental males in experiments with H. melpomene malleti and 
H. timareta florencia (Fig. 6). In particular, H. melpomene malleti females were more 
likely to open their wings towards experimental males (2ΔlnL=17.093, d.f.=1, p<0.001), fly 
away (2ΔlnL= 8.0356, d.f.=1, p<0.01) and also flutter (2ΔlnL= 15.823, d.f.=1, p<0.001). 
Similarly, H. timareta florencia females were also more likely to open their wings towards 
experimental males (2ΔlnL= 22.909, d.f.=1, p<0.001), fly away (2ΔlnL= 6.1368 , d.f.=1, 
p<0.001), and flutter (2ΔlnL= 26.037, d.f.=1, p<0.001). To ensure that behavioural trials 
without successful mating were not skewing our analysis of female behaviours, we 
additionally analysed differences between males that mated with the females versus 
those that did not mate (including those from experiments without matings). Differences 
between female behaviour towards mated versus unmated males did not differ from 
differences seen in behaviour towards experimental versus control males (Fig. S4). 
However, despite these differences, these behavioural responses were not consistently 
observed across the four species/races tested. Some of these results are driven by just a 
few individual females, with differences in behaviour no longer significant when they are 
removed. Furthermore, although some significant female behavioural responses were 
seen for H. melpomene malleti in Colombia, no corresponding difference was found for H. 
melpomene rosina in Panama, where a larger number of courtships were observed, so 
caution should be taken when interpreting these results.  
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Figure 6: Proportion of courtships which resulted in different female behavioural 
responses. Control males are represented in red (left) and experimental males in blue 
(right). Means are marked with a black square and boxplots mark the inter-quartile 
ranges. Size of datapoint is proportional to the number of courtships by that male. Female 
behavioural responses (A) Flutter; (B) Fly away; (C) Abdomen up; (D) Wings open. 
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Discussion 
Visual cues are known to be important for mate finding and courtship behaviours 
by male Heliconius butterflies, with implications for reproductive isolation and speciation 
(Merrill et al. 2015). Here, we have shown that female choice based on chemical 
signalling is also important for reproduction. We have identified compounds associated 
with sexually mature male wings and described morphological structures putatively 
involved in pheromone release. Furthermore, we have shown that chemical signalling is 
involved in mating in Heliconius, with females from three different species across four 
races showing strong discrimination against males which have had their androconia 
experimentally blocked.  
Our results are broadly comparable with another recent analysis of wing 
compounds in Heliconius (Mérot et al. 2015), although the previous study did not 
compare different wing regions, or males and females of the same age. As the previous 
study also did not use synthesis to identify compounds, our work is highly complementary 
and extends their results to confirm region- and age-specific localization of compounds to 
older male androconia. Male Heliconius do not become sexually active until several days 
after eclosion, so the absence of these compounds from females and younger males is 
strongly suggestive of a role in mating behaviour. Future experiments will be required to 
determine if these compounds are sequestered from larval host plants, and if there is 
genetic control of the production of these compounds, both of which could facilitate a 
role in reproductive isolation.  
The restriction of these five putative male sex pheromones, (Z)-9-octadecenal, 
octadecanal, (Z)-11-icosenal, icosanal, and (Z)-13-docosenal, to the hindwing androconia 
of mature males (Fig. 5A) suggests that pheromone storage or production is restricted to 
the hindwing.  This is supported by the scanning electron microscope images which show 
special brush-like scales in the androconial region (Fig. 2A), located primarily around and 
along the hindwing vein Sc+R1, similar to the depiction in Figure 73 of Emsley’s previous 
morphological analysis (Emsley 1963). Similar scales have been described from light 
microscopy in other Heliconius species, but not previously in H. melpomene (Müller 
1912b; Barth 1952). The base of these special brush-like scales was more swollen and 
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glandular as compared to other scales (Fig. 3), perhaps indicating a role in storage or 
production of pheromones by these scales. Trace amounts of chemicals on the forewing 
overlap region may be due to contact in the overlapping portion of the fore- and 
hindwings, and both wings may play a role in dispersal of the compounds during 
courtship.  
Samples from Panama showed both a greater diversity and amounts of 
compounds (Fig. S2 and Table S3). This might reflect an issue with inbreeding in the 
Ecuador population because they were obtained from a commercial breeder, or technical 
differences between the two locations where the analysis was performed. However, it 
could also reflect differences in rearing conditions or genuine variation between 
geographic populations of H. melpomene. Further work will be needed to confirm the 
nature and extent of geographic and individual variation in pheromone composition. 
Females exhibited a strong preference for males which did not have their 
androconia blocked. This suggests that, as in other butterfly systems (Costanzo and 
Monteiro 2007), female Heliconius are actively involved in mating decisions. Nonetheless, 
there were no consistent differences in the female behaviours we recorded in our 
experiments.  It is possible that the important female preference behaviours are subtle 
and were missed in our study, or that our sample size may be too small to detect 
behavioural differences due to individual variation. Alternatively, female acceptance of a 
male may instead simply represent a decision to stop rejection behaviours, and therefore 
not be associated with any particular characteristic behavioural response.  
It remains unclear which compounds are biologically active and exactly what 
information is being conveyed. The signal clearly influences female mating decisions, and 
these compounds may convey complex information about male species identity, quality, 
age etc. that are interpreted by females. It is also unknown whether females, like males, 
use visual cues in courtship. The use of multiple signals is common in animal 
communication (Candolin 2003). Whilst butterflies primarily use visual cues to locate 
mates (Kemp and Rutowski 2011), it has been shown in B. anynana that in addition to 
visual cues, chemical cues also play a role and are equally important in sexual selection by 
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female choice (Costanzo and Monteiro 2007). Our work establishes the potential for 
similar multimodal signalling in Heliconius butterflies.  
This study provides evidence for the importance of pheromones in intraspecific 
mate choice in Heliconius butterflies. Evolution of cues within populations could lead to 
reproductive isolation between populations if both cues, and their corresponding 
preferences, diverge (Ptacek 2000). In other butterflies, male wing compounds contribute 
to reproductive isolation between closely related species (Grula et al. 1980; Phelan and 
Baker 1987; Bacquet et al. 2015). Evidence suggests that strong pre-mating barriers in 
addition to mate preference based on colour wing pattern exist between Heliconius cydno 
and H. melpomene (which differ in colour pattern) and between the latter and H. 
timareta (which are mimetic) (Mérot et al. 2017). For example, H. cydno males show a 
preference for their own pattern over that of the closely related H. melpomene, but will 
court wing pattern models of H. melpomene. Heliconius cydno males, however, have 
virtually never been observed mating with H. melpomene females (Naisbit et al. 2001). On 
the other hand, although males of the mimetic H. timareta florencia and H. melpomene 
malleti equally court female wing models of both species, interspecific matings occur in 
very low frequency (Sánchez et al. 2015; Mérot et al. 2017). Furthermore, male 
androconial compounds differ between species (Mérot et al. 2015; Mann et al. 2017).  
 42 
Supplementary Information 
 
Figure S1: NMDS in three dimensions on chemical compounds of male hindwings 
of H. melpomene soaked for 1 or 3 hours in solvent (10-12 days post-eclosion, Panama 
samples). Stress=0.03. Each different colour corresponds to an individual. Closed circles 
are from the 1-hour group, and open squares 3-hours. No compounds were found in 
significantly different amounts between groups (Paired t-test, d.f.=4, p=NS). 
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Figure S2: NMDS in three dimensions on chemical compounds of male and female 
wings of H. melpomene (10-12 days post-eclosion, Panama samples). Stress=0.05. 
Differences between males and females was supported by ANOSIM (Bray-Curtis R-
statistic=0.9226, p=0.001) 
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Figure S3: Difference in number of courtships by control and experimental males 
represented by boxplots. Each point represents an experiment. Difference not significantly 
different from zero for H. erato demophoon, H. melpomene rosina and H. melpomene 
malleti. Control H. timareta florencia males courted more than experimental males, 
complicating the interpretation in this species (Wilcoxin Signed-Rank Test, V=138.5, 
p<0.01).  
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Figure S4: Proportion of courtships which resulted in different female behavioural 
responses. Males that mated are represented in green (left) and males that did not in 
orange (right). Means are marked with a black square and boxplots mark the inter-
quartile ranges. Size of datapoint is proportional to the number of courtships by that 
male. Towards males which did not mate, H. melpomene malleti females were more likely 
to open their (2ΔlnL= 18.65, d.f.=1, p<0.001), fly away (2ΔlnL= 20.454, d.f.=1, p<0.01) and 
flutter (2ΔlnL= 32.303, d.f.=1, p<0.001). H. timareta florencia females were also more 
likely to open their wings (2ΔlnL= 24.875, d.f.=1, p<0.001), fly away (2ΔlnL= 12.3, d.f.=1, 
p<0.001), and flutter (2ΔlnL= 23.318, d.f.=1, p<0.001). No significant behavioural 
differences for H. melpomene rosina or H. erato demophoon were detected. 
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Table S1: Comparison of amount of each compound in different wing areas of 
males (10 days post-eclosion, Ecuador samples). FWover refers to the overlapping region 
of the forewing, FWrest, the remaining portion of the wing, HWand, the hindwing 
androconial overlapping region, and HWrest, the remaining portion of the wing. Results of 
Kruskal-Wallis reported for each compound and of post-hoc analysis (Dunn test), where * 
signifies <0.05, ** <0.01 and *** <0.001.  
    
    Difference in mean amount of compound between areas 
Compound x2 d
f 
p FWrest-
FWover 
HWand-
FWover 
HWrest
-
FWover 
HWand
-
FWrest 
HWrest
-
FWrest 
HWrest
-
HWand 
(Z)-9-
Octadecen
al 
6.9 3 NS -0.228 1.586 -0.228 1.814 -0.000 -1.814 
Octadecan
al 
16.
8 
3 <0.
001 
-10.95 8.40 -12.43 19.35* -1.48 -
20.83*
* 
(Z)-11-
Icosenal 
16.
8 
3 <0.
001 
-4.05 2.65 -4.05 6.70** 0.00 -6.70** 
Icosanal 15.
1 
3 <0.
01 
-0.50 1.38 -0.50 1.88** 0.00 -1.88** 
(Z)-13-
Docosenal 
14.
5 
3 <0.
01 
-1.45 1.31 -1.45 2.76* 0.00 -2.76* 
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Table S2: Comparison of amount of each compound in different sex and age 
categories (mature individuals being 10 days post-eclosion and young 0 days post-
eclosion, Ecuador samples). Results of Kruskal-Wallis reported for each compound and of 
post-hoc analysis (Dunn test), where * signifies <0.05, ** <0.01 and *** <0.001.  
    Difference in mean amount of compound between 
categories 
Compound x2 d.f. p Mature female - 
Young male 
Mature male -
Young male 
Mature male -
Young female 
(Z)-9-
Octadecenal 
6.9 2 <0.05 0.00 1.81 1.81 
Octadecanal 13.3 2 <0.01 0.00 20.83** 20.83** 
(Z)-11-Icosenal 13.3 2 <0.01 0.00 6.70** 6.70** 
Icosanal 13.3 2 <0.01 0.00 1.88** 1.88** 
(Z)-13-
Docosenal 
13.3 2 <0.01 0.00 2.76** 2.76** 
Henicosane 4.4 2 NS -8.13 4.30 12.43 
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Table S3: Compounds identified in H. melpomene rosina (Panama samples) with a 
mean amount greater than 1 ng in at least one of the sexes. Mean amounts ± standard 
deviation listed for both male and female butterflies (10-12 days post-eclosion), as well as 
the percentage of individuals in which the compound was detected. Kruskal-Wallis non-
parametric test p-values highlight differences between males and females. Compounds 
identified by comparison with synthetic samples are shown in bold. Potential 
contaminants are denoted with an asterisk. 
Chemical 
Kovats 
RI Male (ng) %  Female %  
o-Guaiacol 1090 1.5 ± 1.7 75 0.1 ± 0.2 18 <0.01 
Nonanal 1105 24.7 ± 34.2 100 1.5 ± 1.7 73 <0.001 
Benzoic acid 1166 2.6 ± 6.7 25 0 ± 0 0 NS 
Naphthalene* 1181 1.2 ± 1.1 85 1.0 ± 1.6 36 NS 
Decanal 1198 1.7 ± 5.5 30 0.2 ± 0.7 9 NS 
Ethyl 4-ethoxybenzoate 1527 7.0 ± 5.1 95 0.7 ± 1.2 27 <0.001 
Dihydroactinidiolide 1532 1.1 ± 1.6 60 0 ± 0 0 <0.01 
Syringaldehyde 1662 
649.9 ± 
398.1 100 0 ± 0 0 <0.001 
3,5-Dimethoxy-4-hydroxybenzyl 
alcohol 1707 4.0 ± 6.9 50 0 ± 0 0 <0.01 
Unknown hydrocarbon 1709 1.1 ± 1.6 50 0.3 ± 0.6 18 NS 
1-(3,5-Dimethoxy-4-
hydroxybenzyl)ethanone 1735 1.3 ± 2.0 60 0 ± 0 0 <0.01 
Unknown aromatic compound 1738 5.5 ± 5.5 75 0 ± 0 0 <0.001 
Unknown aromatic compound 1757 2.1 ± 2.8 55 0 ± 0 0 <0.01 
Ethyl benzoate 1762 1.5 ± 1.4 80 1.3 ± 1.3 73 NS 
Methyl 1H-indol-3-acetate 1822 3.2 ± 3.2 85 0 ± 0 0 <0.001 
Unknown compound 1828 0.0 ± 0.1 5 2.1 ± 7.0 9 NS 
Methyl 1H-indol-3-carboxylate 1853 2.6 ± 2.3 90 0 ± 0 0 <0.001 
Unknown compound 1914 1.2 ± 1.8 45 0.2 ± 0.4 27 NS 
Unknown aldehyde 1968 6.9 ± 11.0 35 0 ± 0 0 <0.05 
Unknown compound 1981 0.0 ± 0.0 0 1.2 ± 3.9 9 NS 
(Z)-9-Octadecenal 1996 12.1 ± 14.0 80 0 ± 0 0 <0.001 
Octadecanal 2021 
740.7 ± 
411.4 100 0 ± 0 0 <0.001 
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Unknown compound 2053 2.0 ± 8.8 80 0 ± 0 0 NS 
Ethyl 4-hydroxy-3,5- 
dimethoxybenzoate 2057 41.6 ± 67.5 80 0 ± 0 0 <0.001 
Unknown compound 2064 2.9 ± 5.0 30 0 ± 0 0 <0.05 
Methyloctadecanal 2065 6.5 ± 6.5 65 0 ± 0 0 <0.001 
Henicosadiene 2065 1.3 ± 4.2 10 0 ± 0 0 NS 
Methyloctadecanal 2072 4.9 ± 3.7 80 0 ± 0 0 <0.001 
Methyloctadecanal 2077 24.4 ± 20.9 65 0 ± 0 0 <0.001 
Unknown compound 2078 5.5 ± 24.4 5 0 ± 0 0 NS 
Octadecan-1-ol 2082 
232.5 ± 
149.7 100 0 ± 0 0 <0.001 
Henicosane 2099 8.7 ± 16.2 65 0.7 ± 2.5 9 <0.01 
Unknown alkene or alcohol 2127 16.3 ± 8.2 90 0 ± 0 0 <0.001 
Unknown compound 2132 35.3 ± 22.9 80 0 ± 0 0 <0.001 
Unknown compound 2137 6.2 ± 13.1 25 0 ± 0 0 NS 
Methyloctadecan-1-ol 2138 7.3 ± 7.3 55 0 ± 0 0 <0.01 
Unknown hydrocarbon 2143 4.0 ± 2.4 45 0 ± 0 0 NS 
Oleyl acetate 2181 2.0 ± 8.9 5 0 ± 0 0 NS 
(Z)-11-Icosenal 2198 
164.0 ± 
127.0 100 0 ± 0 0 <0.001 
Icosanal 2224 22.8 ± 11.3 100 0 ± 0 0 <0.001 
(Z)-11-Icosenol 2261 
615.7 ± 
304.0 100 0 ± 0 0 <0.001 
Tricosene 2281 2.4 ± 2.1 75 0 ± 0 0 <0.001 
Unknown compound 2290 1.9 ± 3.5 30 0 ± 0 0 <0.05 
Tricosane 2297 1.0 ± 2.4 40 3.2± 4.3 45 NS 
Unknown compound 2352 1.9 ± 5.7 15 0 ± 0 0 NS 
Unknown compound 2392 11.8 ± 18.3 70 6.8± 7.8 73 NS 
(Z)-13-Docosenal 2403 64.2 ± 54.6 90 0 ± 0 0 <0.001 
Unknown compound 2459 19.9 ± 20.6 65 0 ± 0 0 <0.001 
(Z)-13-Docosen-1-ol 2464 10.1 ± 23.5 20 0 ± 0 0 NS 
Unknown compound 2465 3.3 ± 8.0 20 0 ± 0 0 NS 
Unknown compound 2498 0.2 ± 0.7 5 5.8 ± 13.5 18 NS 
Pentacosane 2500 3.1 ± 4.7 55 
37.6 ± 
38.4 82 <0.01 
11-Methylpentacosane 2533 0.0 ± 0 0 
105.9 ± 
111.3 100 <0.001 
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Chapter 3 
Male sex pheromone composition depends on larval 
but not adult diet in Heliconius melpomene 
Abstract 
Conditiondependent traits can act as honest signals of mate quality, with fitter 
individuals being able to display preferred phenotypes. Nutrition is known to be an 
important determinant of individual condition, with diet known to affect many secondary 
sexual traits. In Heliconius butterflies, male chemical signalling plays an important role in 
female mate choice. Potential male sex pheromone components have been identified 
previously, although it is unclear what information they convey to the female. In the 
present study, the effect of diet on androconial and genital compound production is 
tested in male Heliconius melpomene rosina. To manipulate larval diet, larvae are reared 
on three different Passiflora host plants: Passiflora menispermifolia, the preferred host 
plant, Passiflora vitifolia and Passiflora platyloba. To manipulate adult diet, adult 
butterflies are reared with and without access to pollen, a key component of their diet. 
No evidence is found to suggest that adult pollen consumption affects compound 
production in the first 10 days after eclosion. There is also a strong overlap in the 
chemical profiles of individuals reared on different larval host plants. The most abundant 
compounds produced by the butterflies do not differ between host plant groups. 
However, some compounds found in small amounts differ both qualitatively and 
quantitatively. Some of these compounds are predicted to be of plant origin and the 
others synthesised by the butterfly. Further electrophysiological and behavioural 
experiments will be needed to determine the biological significance of these differences. 
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Introduction 
Sexual ornaments often act as an indicator of mate quality and evolve in response 
to sexual selection imposed by female preferences (Zahavi 1975, 1977; Andersson 1986).  
Male “quality” can reflect both direct and indirect benefits gained by the female 
(Andersson 1994). Direct benefits might include resources that increase female lifetime 
reproductive success, such as food, shelter, parental care or protection from predators.  
Indirect benefits, on the other hand, are those that increase genetic quality of a female’s 
offspring. In this case, sexually selected traits reflect the ability of males to provide genes 
that increase the survivorship or mating success of offspring (Andersson 1986, 1994). 
These traits may be an honest signal of quality if they are condition-dependent, where 
only the best quality males are able to display the phenotype. 
Male pheromones are a good candidate as an honest signal. Diet-mediated 
changes can enforce signal reliability (Henneken et al. 2017), and compounds can be 
costly to produce (Johansson et al. 2005; Harari et al. 2011). Nutritional condition affects 
male pheromone production in Tenebrio beetles (Rantala et al. 2003), cockroaches (Clark 
et al. 1997) and burying beetles (Chemnitz et al. 2015). Diet manipulation studies show 
that diet not only affects pheromone production but that these changes affect female 
mate choice (e.g. cockroaches: South et al., 2011; fruit flies: Liedo et al., 2013).  
In addition to overall diet quality, specific diet components can be important. 
Compounds sequestered in the diet can act directly as sex pheromones, or as pheromone 
precursors which are then metabolised further (Landolt and Phillips 1997). One well-
studied example of this is the sequestration of pyrrolizidine alkaloids (PAs) to make 
hydroxydanaidal by males of the moth Utethesia ornatrix (Conner et al. 1981; Eisner and 
Meinwald 2003). Some PAs are transferred to the female during mating and chemically 
protect the eggs, with the male pheromone signalling a direct benefit (Dussourd et al. 
1988, 1991; Eisner and Meinwald 1995; Iyengar et al. 2001). In many cases it is probable 
that both overall nutrient condition and the consumption of specific compounds are both 
important, such as in the oriental fruit fly, where both overall protein intake and the 
intake of a specific precursor, methyl eugenol, affect mating success (Shelly et al. 2007).  
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Diet shifts can provide species with new ecological and evolutionary 
opportunities. Unique among butterflies, Heliconius are able to feed on pollen (Gilbert 
1972). They collect pollen from flowers and masticate it on their proboscis to extract 
amino acids. Heliconius have a long lifespan in the wild, facilitated by pollen feeding, 
which is important for oviposition and viability (Dunlap-Pianka et al. 1977). The lack of 
dependence upon larval resources for reproduction may have facilitated a greater 
investment in defensive compounds during the larval stage (Cardoso and Gilbert 2013). 
As larvae, Heliconius caterpillars feed on the cyanogenic leaves of Passiflora. Heliconius 
butterflies produce cyanogenic compounds de novo, making them unpalatable, and some 
are also able to sequester compounds directly from Passiflora plants (Engler-Chaouat and 
Gilbert 2006). Both larval and adult diet play important roles in Heliconius biology, 
affecting reproductive lifespan and palatability. 
The importance of diet for chemical signalling in Heliconius is unclear. The role of 
chemical signalling in mate choice has been best studied in Heliconius melpomene rosina 
Boisduval (Nymphalidae), a subspecies of Heliconius melpomene found in central Panama. 
Potential male sex pheromone components have been described in the wing overlap 
region of sexually mature males (Darragh et al. 2017). The morphology of this wing region 
is sexually dimorphic, with specialised androconial scales only found on male wings. A 
bouquet of compounds, including octadecanal as a main component, is found in males 
but not females (Mérot et al. 2015; Darragh et al. 2017; Mann et al. 2017). These 
chemical cues are important for mating, with females strongly discriminating against 
males which have their androconia experimentally blocked (Darragh et al. 2017). 
However, it is still unclear what information (e.g. age or male quality) is being conveyed 
to females by these cues.   
In contrast to androconial compounds which are thought to be aphrodisiac in 
nature, Heliconius males also store anti-aphrodisiac compounds in genital scent glands 
(Gilbert 1976; Schulz et al. 2007, 2008; Estrada et al. 2011). These are transferred to the 
female and repel males, delaying re-mating (Gilbert 1976; Schulz et al. 2008). In H. 
melpomene, (E)-β-ocimene acts as an anti-aphrodisiac (Schulz et al. 2008). Reduced 
harassment by other males is thought to be beneficial to the female, and so these 
compounds could lead to a direct benefit to females. Longer-term, there may be conflict 
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over the timing of re-mating, as supported by the rapid evolution of genital chemical 
composition (Andersson et al. 2000, 2004; Estrada et al. 2011). Despite this clear role of 
genital compounds in male deterrence, the role of these same compounds in female 
choice remains unknown. Females may benefit from choosing males that have a lower 
amount of (E)-β-ocimene, allowing them to re-mate again sooner. Whilst the dynamics of 
the costs and benefits of this are unclear, it is quite likely that the genital compounds are 
involved in female choice.  
Both larval and adult diet could be important for the production of androconial 
and genital compounds as they are not present in freshly-eclosed males (Schulz et al. 
2008; Darragh et al. 2017). Feeding experiments with chemically labelled precursors 
showed that the anti-aphrodisiac compound, (E)-β-ocimene, can be synthesized by adult 
H. melpomene via the terpene biosynthetic pathway (Schulz et al. 2008). Pollen intake 
could be important in providing an energy source for production. Host plant use could 
affect the chemical bouquet if larval sequestration of specific compounds, or compound 
precursors, from the host plant is necessary. Heliconius raised on their preferred host 
plant may have a higher quality diet (Smiley, 1978), and so compound production could 
also be increased due to higher overall quality of the individual.  
Here, we investigated how larval and adult diet affect the chemical profile of male 
H. melpomene rosina from central Panama. In Panama, H. melpomene rosina females 
oviposit almost exclusively on Passiflora menispermifolia (Merrill et al., 2013). We reared 
larvae on three different Passiflora species: P. menispermifolia, the preferred host plant, 
P. vitifolia, and P. platyloba. The latter two species are not used by H. melpomene in the 
wild in Panama but are found within the range of H. melpomene rosina. These species are 
therefore potential hosts and larvae survive well on both (Merrill et al., 2013). H. 
melpomene reared on its preferred host plant may have increased energy sources to 
dedicate to compound production during its adult life. We predict to find both qualitative 
and quantitative differences in the chemical bouquets of adults reared on different host 
plants. In a second experiment, we maintained adult male H. melpomene rosina with and 
without access to pollen. We predict that males reared without pollen reduced 
compound production. In both experiments, we analysed chemical extracts from both the 
androconial and genital regions of sexually mature male butterflies.   
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Methods 
Butterfly stocks 
Heliconius melpomene rosina were reared under ambient conditions at the 
Smithsonian Tropical Research Institute (STRI) facilities in Gamboa, Panama. Outbred 
stocks were established from wild individuals collected in Gamboa (9˚7.4’ N, 79˚42.2’ W, 
elevation 60 m) in the nearby Soberania National Park and in San Lorenzo National Park 
(9°17’N, 79°58’W; elevation 130 m). Individuals for this study were reared between 
February 2016 and April 2017.  
Effects of larval diet 
Larvae were reared on either Passiflora platyloba, P. vitifolia or P. menispermifolia 
(preferred host plant). Adult butterflies were kept in cages with other males and were 
provided with a ~20% sucrose solution containing bee pollen (Apiarios Malivern, Panama) 
and with Psychotria poeppigiana, Gurania eriantha, Psiguiria triphylla, and Psiguria 
warscewiczii as pollen sources. We collected 42 androconial samples from adult 
butterflies: 19 reared on P. platyloba, 11 on P. menispermifolia, and 12 on P. vitifolia. We 
also collected 43 genital samples from adult butterflies: 17 reared on P. platyloba, 13 on 
P. menispermifolia, and 13 on P. vitifolia. We aimed for a minimum of 10 individuals in 
each group. Variance between groups was due to availability of host plants during the 
experiment and rearing difficulties on different host plants. Variance between number of 
androconial and genital samples within each group is due to issues with contamination of 
samples, which were then unsuitable for analysis. The 19 androconial samples from 
larvae reared on P. platyloba have been previously published (Darragh et al., 2017).  
To account for a potential difference in growth rate of individuals reared on 
different host plants, we measured the forewing length of adult butterflies for the host 
plant experiments. Before cutting the wings for chemical analysis, we photographed 
wings beside a ruler. We used ImageJ to calculate forewing length, calibrating the size 
using the ruler (Schneider et al. 2012).  
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Effects of adult diet 
All larvae were reared on P. platyloba, as this was the plant that was available to 
us in the largest quantities. Adults were then randomly divided into two groups. The first 
was provided with a ~20% sugar solution containing bee pollen (Apiarios Malivern, 
Panama) and P. poeppigiana, G. eriantha, P. triphylla, and P. warscewiczii as pollen 
sources; the second group was only provided with a ~20% sugar solution and no pollen 
source. We analysed the androconia of 20 individuals reared with pollen and 33 without, 
and also the genitals of 20 individuals reared with pollen, and 27 without. 
Extraction and chemical analysis of tissues 
Chemical extractions were carried out on androconial and genital tissue of mature 
male individuals (10-12 days post-eclosion). The individuals raised on Passiflora platyloba 
for the host plant experiment are previously published samples (Darragh et al., 2017). 
Genitals were removed using forceps. The wings of the individual were then removed. 
The hindwing androconial region of the wing, previously described as the grey-brown 
overlapping region of the wing (Darragh et al., 2017), was dissected from the wings for 
analysis (Darragh et al. 2017). To extract compounds, the tissue was soaked, immediately 
after dissection, in 200μl dichloromethane containing 200ng 2-tetradecyl acetate 
(internal standard) in 2ml glass vials with PTFE-coated caps (Agilent, Santa Clara, USA) for 
one hour. The solvent was then transferred to new vials and stored at -20°C. Samples 
were evaporated in the laboratory at room temperature prior to analysis.  
Chemical extracts were analysed by GC/MS using an Agilent (model 5977 ) mass-
selective detector connected to an Agilent GC (model 7890B). This was equipped with an 
Agilent ALS 7693 autosampler and an HP-5MS fused silica capillary column (Agilent, Santa 
Clara, USA, 30 m × 0.25 mm, 0.25 µm). Injection was performed in splitless mode (250°C 
injector temperature) with helium as the carrier gas (constant flow of 1.2 ml/min). The 
temperature programme started at 50°C, was held for 5 minutes, and then rose at a rate 
of 5°C/minute to 320°C, before being held at 320°C for 5 minutes. Components were 
identified by comparison of mass spectra and gas chromatographic retention indices with 
those of authentic reference samples and also by analysis of mass spectra. Components 
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were quantified using 2-tetradecyl acetate as an internal standard. Only compounds 
eluting earlier than hexacosane were analysed in androconial samples (Darragh et al., 
2017). Later compounds were identified as cuticular hydrocarbons, 2,5-
dialkyltetrahydrofurans, cholesterol and artefacts (e.g. phthalates or adipates). The 
variability in the late eluting cuticular hydrocarbons was low and did not show 
characteristic differences between samples. 
Statistical analysis 
We visualised the data using a non-metric multidimensional scaling (NMDS) 
ordination, based on a Bray-Curtis similarity matrix, in three dimensions. This was carried 
out using the metaMDS function in the R-package vegan version 2.5-1 (Oksanen et al. 
2017), with visualisation using the R-package ade4 (Dray and Dufour 2007).  
Following visualisation of the data, we used multivariate statistical techniques to 
investigate differences between the groups. To identify differences in variance between 
groups we used the betadisper and permutest functions to test for homogeneity of 
dispersion. To compare overall chemical composition between groups, we carried out 
PERMANOVA (permutational multivariate analysis of variance) testing. This was 
performed using a Bray-Curtis similarity matrix, with 1000 permutations, using the 
adonis2 function in the package vegan (Oksanen et al., 2017). The “margin” option in 
adonis2 was used to determine the effect of each term in the model, including all other 
variables, to avoid sequential effects. The dependent variable in the model was the 
matrix of compounds, with explanatory variables different in the two experiments. In the 
larval diet experiments we included wing length and plant species as explanatory 
variables. In the adult diet experiment we tested the explanatory variable of presence or 
absence of pollen. We repeated the multivariate analysis using relative rather than 
absolute amounts of compounds.  
We followed up the multivariate statistical analysis with univariate analysis to test 
for differences in amounts of individual compounds between groups. We tested each 
compound individually using non-parametric Kruskal-Wallis tests. To correct for multiple-
testing, we used the p.adjust function in R, with false detection rate (fdr) correction, 
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which controls for the proportion of false positives. We repeated the univariate analysis 
using relative rather than absolute amounts of compounds. 
To test for differences in forewing length for individuals reared on different host 
plants we carried out an ANOVA. For post-hoc analysis, Tukey’s HSD test was used to 
determine which groups were significantly different from each other. All statistical 
analyses were performed with R version 3.3.1 (R Core Team 2018).  
Results 
Effect of host plant on wing size 
Larval host plant affected forewing length (ANOVA, F2,42=3.755, p=0.032, Figure 1). 
Adults which were reared as larvae on P. menispermifolia (the preferred host plant of H. 
melpomene rosina) had a mean forewing length of 3.54±0.27cm, those on P. platyloba 
3.52±0.15cm and on P. vitifolia 3.36±0.10cm. However, post-hoc Tukey comparisons did 
not find any pairwise significant difference between groups.  
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Figure 1: Larval host plant affects forewing length of H. melpomene male adults 
(ANOVA, df=2, F=3.755, p=0.032). Post-hoc testing using Tukey’s HSD found no significant 
pairwise differences between groups.   
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Chemical compounds in androconia and genitals of H. melpomene 
We initially analysed the androconia of 19, and genitals of 18, H. melpomene 
reared on P. platyloba (Darragh et al. 2017). This is a reanalysis of the 19 androconial 
samples which have been previously published (Darragh et al. 2017). The most abundant 
compounds found in the androconia are syringaldehyde, octadecanal, octadecan-1-ol, (Z)-
11-icosenal, and (Z)-11-icosenol, as found previously  (Fig. S1, Table S1)(Darragh et al. 
2017). These compounds are present with a mean of greater than 100ng per individual, 
with octadecanal found in the highest amounts (mean 740ng).  
The genital region is dominated by one main compound, (E)-β-ocimene, which is 
found in amounts 20 times greater than any other genital compound (mean 34789ng). 
This was previously reported in other samples of H. melpomene (Schulz et al., 2008). It is 
found alongside a bouquet of other terpenes, alcohols, aromatic compounds, macrolides, 
esters and alkanes (Fig. S2, Table S2)(Schulz et al. 2008). 
There is little overlap in compounds found between the two body regions, with 
only ten out of 117 compounds found in both. The genital region contains higher amounts 
of compounds, and overall more compounds, with 80 in the genitals compared to 47 in 
the androconia. The most abundant genital compound, (E)-β-ocimene, is more volatile 
(has a higher vapour pressure) than the main compounds found in the androconial 
region. 
Effects of larval diet 
Wing size was not a significant factor influencing chemical composition of H. 
melpomene genitals (PERMANOVA, F1,39=0.577, p=0.606), but did influence androconial 
chemical bouquets (PERMANOVA, F1,38=3.033, p=0.038), accounting for approximately 7% 
of the variation. 
Our experiments revealed that H. melpomene reared on P. platyloba, P. 
menispermifolia, or P. vitifolia did not differ significantly in their overall androconial 
bouquet (PERMANOVA, F2,38=1.791, p=0.080, Figure 2A, Table S1), and did not differ in 
dispersion between groups (permutation test of homogeneity of dispersion, F2,39=1.335, 
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p=0.275). However, when we look at the individual compounds in each treatment, over 
one quarter (12/47), are present in significantly different amounts between groups (Table 
1). These same compounds were also found to be significantly different between groups 
using relative amounts (for further analysis of relative amounts, see Supplementary 
Information).    
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Figure 2. NMDS (non-metric multidimensional scaling) plot illustrating in three 
dimensions the overlapping variation in chemical compounds of male H. melpomene 
raised on three different Passiflora species. Passiflora menispermifolia is the preferred 
host plant of this species. (A) Androconial compound bouquets do not differ significantly 
after 10 days. Stress=0.140. (B) Genital compound bouquets do not differ significantly 
after 10 days. Stress=0.098.  
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Table 1. Androconial compounds that significantly differed between Heliconius 
melpomene reared on different host plants. 
Chemical RI P. 
platyloba 
P. 
menispermifolia 
P. 
vitifolia 
H test 
stat 
p-
val 
Methyl salicylate 1189 0.59±1.97 0.98±3.13 2.32±1.9
5 
10.23 0.02
6 
Unknown 
compound 
1353 0±0 0.40±1.31 3.30±3.8
5 
16.68 0.00
6 
1-(3,5-Dimethoxy-
4-hydroxybenzyl) 
ethanone 
1735 0.99±1.58 0.67±0.76 0.01±0.0
4 
10.71 0.02
2 
Benzyl benzoate 1766 0.25±0.57 0.13±0.44 1.27±1.4
0 
10.78 0.02
2 
1-(4-Hydroxy-3,5-
dimethoxyphenyl)-
2-propen-1-one 
1807 1.48±1.93 1.15±1.32 0±0 12.06 0.01
6 
Syringaldehyde 
derivative 
1891 0±0 3.05±2.74 0±0 19.11 0.00
3 
Unknown 
hydrocarbon 
1962 1.32±1.14 1.80±1.41 0.28±0.9
7 
11.19 0.02
2 
Ethyl 4-hydroxy-
3,5- 
dimethoxybenzoat
e 
2057 32.61±55.7
9 
11.60±13.95 0.14±0.3
7 
13.52 0.01
1 
Henicosadiene 2065 1.36±4.28 0.22±0.74 2.97±3.9
1 
9.75 0.03
0 
Methyloctadecanal 2077 30.77±15.9
9 
15.37±8.54 10.94±13
.15 
13.92 0.01
1 
Icosanal 2224 23.21±11.4
6 
16.08±14.41 8.41±7.5
9 
14.92 0.00
9 
Fatty acid amide 2325 0.27±1.20 0±0 1.09±1.6
6 
12.53 0.01
5 
The gas chromatographic retention index (RI) is reported for each compound. 
Mean ± SD amounts (ng), as well as Kruskal–Wallis non-parametric test P-values (false 
detection rate corrected) are provided. Compounds shown in bold are predicted to be 
plant-derived. 
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Table 2. Genital compounds that differed significantly between Heliconius 
melpomene reared on different host plants. 
Chemical RI P. 
platyloba 
P. 
menispermifolia 
P. 
vitifolia 
H 
test 
stat 
p-val 
7-β-(H)-
Silphiperfol-5-
ene 
1345 9.75±12.2
3 
0±0 0±0 21.4
6 
<0.00
1 
Unknown 
sesquiterpene 
1378 2.87±4.20 0±0 0±0 19.0
2 
0.001 
Unknown 
sesquiterpene 
1384 20.90±21.
99 
0±0 0±0 32.4
0 
<0.00
1 
Unknown 
compound  
1396 39.76±26.
86 
26.83±30.96 8.23±6.8
7 
16.0
3 
0.004 
β-Caryophyllene 1417 18.97±22.
09 
0±0 0±0 32.4
0 
<0.00
1 
Unknown 
compound 
2250 0±0 1.48±5.32 1.33±2.0
9 
11.3
7 
0.039 
Cholestadiene 2744 0±0 9.56±34.48 18.18±2
4.10 
19.9
6 
<0.00
1 
The gas chromatographic retention index (RI) is reported for each compound. 
Mean ± SD amounts (ng), as well as Kruskal–Wallis non-parametric test P-values (false 
detection rate corrected) are provided. Compounds shown in bold are predicted to be 
plant-derived.  
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Genital compounds of H. melpomene reared on P. platyloba, P. menispermifolia, 
or P. vitifolia did not differ overall between host plant treatments (PERMANOVA, 
F2,39=1.184, p=0.308, Figure 2B, Table S2). The dispersion of individuals between 
treatments did differ (permutation test of homogeneity of dispersion, F2,40=3.668, 
p=0.034), with pairwise permutation analysis revealing that the dispersion of individuals 
raised on P.  menispermifolia is different from both P. vitifolia and P. platyloba, which do 
not differ from each other (Table S3). NMDS visualisation reveals less variation between 
individuals reared on the preferred host P. menispermifolia (Figure 2B). Furthermore, 
seven out of 80 individual compounds differ between groups (Table 2). These compounds 
were also found to be significantly different between groups using relative amounts, 
excluding an unknown compound (gas chromatographic retention index, RI=1396) which 
is no longer significant (for further analysis of relative amounts, see Suppementary 
Information). 
None of the individual compounds found to differ between groups were the most 
abundant compounds. These compounds are not found in an average amount higher than 
40ng per individual, much smaller amount than the most abundant compound in 
androconia (740 ng) or genitals (34789 ng). We find both qualitative (presence or absence 
of compound) and quantitative (difference in amount of compound) differences between 
butterflies reared on different host plants. For example, in the androconial samples, a 
syringaldehyde derivative is only found in individuals reared on P. menispermifolia. 
Icosanal, in contrast, is found in butterflies reared on all three host plant species but in 
significantly different amounts (Table 1).  
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Figure 3. NMDS (non-metric multidimensional scaling) plot illustrating in three 
dimensions the overlapping variation in chemical compounds of male H. melpomene 
raised with or without pollen.  (A) Androconial compound bouquets do not differ 
significantly after 10 days. Stress=0.131. (B) Genital compound bouquets do not differ 
significantly after 10 days. Stress=0.108  
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Effects of adult diet 
H. melpomene butterflies reared with or without pollen for 10 days do not differ 
in either androconial (PERMANOVA, F1,51=1.653, p=0.145), or genital (PERMANOVA, 
F1,45=1.259, p=0.260) chemical bouquets (Figure 3, Table S4, Table S5). False detection 
rate corrected Kruskal-Wallis testing found no compounds in significantly different 
amounts between the groups.  
Discussion 
Chemical signalling is known to be important for intraspecific female mate choice 
in Heliconius (Darragh et al., 2017). The information conveyed by these compounds, such 
as age, species identity, or mate quality, remains unclear. We find no evidence that adult 
pollen consumption affects compound production in the first ten days of adult life. In 
contrast, individual androconial and genital compounds were found in different amounts 
between larval host plant treatment groups, and dispersion varied between host plant 
treatments for genitals.  
The most abundant compounds identified in H. melpomene androconia and 
genitals are the same as those identified by previously published studies  (Schulz et al., 
2008; Estrada et al., 2011; Mérot et al., 2015; Darragh et al., 2017; Mann et al., 2017). We 
did not identify all the compounds found previously in genitals (Schulz et al., 2008). This is 
likely due to variation in sample collection, as the previous compound list was derived 
from pooled samples, allowing for a higher detection threshold. In the androconia, we did 
not detect ethyl palmitate, ethyl oleate or ethyl stearate, previously reported compounds 
(Mann et al., 2017). We did detect ethyl oleate in the genitals suggesting that previous 
reports in the androconia may be due to contamination from genital contact. We also 
found many more compounds, probably due to improved GC-MS detection thresholds 
which are more sensitive to compounds found only in low levels.  
We did not find a difference in the ability of males to produce compounds when 
reared with and without pollen in this experiment. This finding was somewhat 
unexpected, as pollen is an important resource for adult Heliconius. This result could 
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mean that chemical signalling is not nutritionally dependent. Heliconius are one of the 
most long-lived butterflies, with adults known to live more than 8 months in the wild 
(Gilbert 1972) and pollen limitation might play a more important role over longer time 
scales. In females it has been shown that the effects of pollen for oviposition and viability 
are evident after about a month (Dunlap-Pianka et al. 1977), suggesting that until that 
point, larval reserves are sufficient. This could be the same for males and we therefore 
cannot rule out the possibility that adult nutrition might influence pheromone production 
only later in life.  
Pollen-feeding is thought to be important for another aspect of reproduction in 
Heliconius: the donation of a spermatophore to the female during mating. The 
spermatophore is protein-rich, and so the amino acids obtained by pollen-feeding are 
probably needed to make new spermatophores after each mating (Cardoso and Silva 
2015), as supported by the fact that males with more lifetime matings collect more pollen 
overall (Boggs 1990). This is beneficial for the females, as its reduces the females’ need to 
forage for pollen (Boggs and Gilbert 1979; Boggs 1981, 1990). It has been proposed that 
females may determine spermatophore quality using cues, such as chemicals, that 
indicate direct benefits for the female (Cardoso and Silva 2015). Alternatively, females 
could benefit indirectly through a “good genes” mechanism (Andersson and Simmons 
2006), for example through inheritance of foraging ability (Karino et al. 2005). Further 
experiments will be required to determine if chemical signalling in older males can 
indicate spermatophore production and male quality. 
Chemical profiles produced by adult butterflies reared on the three larval host 
plants are largely overlapping. Heliconius melpomene is able to produce the majority of 
compounds found in both androconial and genital bouquets when reared on all three 
Passiflora species. The most abundant compounds are not found in significantly different 
amounts. However, we find less variation in genital compounds produced by individuals 
reared on P. menispermifolia, the preferred host plant of H. melpomene rosina, compared 
to P. vitifolia and P. platyloba, perhaps suggesting some level of chemical or digestive 
specialisation.  
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Despite overall similarity between butterflies reared on different host plants, 
there are differences in some specific androconial and genital compounds. These 
differences are both qualitative and quantitative in nature. Over one quarter of 
androconial compounds are found in significantly different amounts between the three 
groups, along with almost one tenth of genital compounds. One third of these significant 
androconial compounds are thought to come from the phenylpropanoid pathway, active 
in plants (Boerjan et al. 2003). This pathway forms aromatic compounds with an alkyl 
sidechain of three carbons that serve as building blocks for lignin and lignans. Oxidative 
degradation of lignine or by-products of this biosynthetic pathway are the source of the 
aromatic compounds syringaldehyde, 1-(3,5-dimethoxy-4-hydroxybenzyl)ethanone or 
ethyl 4-hydroxy-3,5-dimethoxybenzoate. They are not currently known to act as 
pheromones in insects, although closely related compounds, lacking one methoxy group, 
are reported as fruit fly and moth pheromones (Francke and Schulz 2010).  
Over half of the genital compounds, specifically sesquiterpenes, are also thought 
to originate from plant sources. These include the specific compounds 7-β-(H)-
silphiperfol-5-ene and β-caryophyllene as well as some unknown other sesquiterpenes. 
The genome currently does not show any indication of a required sesquiterpene cyclase 
in H. melpomene, thus making de novo synthesis of sesquiterpenes by the butterflies 
unlikely. These data suggest that differences in plant biochemistry affect the chemicals 
released from both androconial and genital regions of the adult butterfly.  
We do not know which components of the androconial bouquet are biologically 
important in Heliconius melpomene. It cannot be assumed that the most abundant 
compounds are necessarily the most important, as minor compounds can often play 
important roles in attraction (D’Alessandro et al. 2009; McCormick et al. 2014) . 
Furthermore, the response to pheromonal cues is blend-specific in other Lepidopteran 
systems (Yildizhan et al. 2009; Larsdotter-Mellström et al. 2016). It is therefore possible 
that, despite the overlap in overall chemical composition between host plant treatments, 
the compounds which are significantly different could drive a change in female response. 
This seems particularly likely for the androconial bouquet, where more than a quarter of 
compounds are found in different amounts between larval host plant treatments. 
However, it is important to note that direct tissue extraction of chemicals may not 
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accurately reflect chemical amounts emitted by live butterflies (Visser et al. 2018). 
Electrophysiological and behavioural experiments will be required to determine if these 
differences are biologically relevant.    
Our results contribute to an understanding of why some populations of H. 
melpomene are host specialists when their larvae can successfully feed on a wider variety 
of host plants. Heliconius melpomene larval growth rate is similar on different host plants 
under laboratory conditions (Smiley, 1978), but there are slight differences in survival in 
the wild, perhaps due to ant attendance or parasitism (Merrill et al., 2013). In particular 
H. melpomene fed on P. vitifolia show a somewhat lower survival rate when compared 
with the natural host plant P. menispermifolia (Merrill et al., 2013), which may be related 
with our finding that host plant affects size in Heliconius melpomene. If host specialisation 
is not due to physiological adaptation in the larvae, an alternative is that it could be 
explained by sexual selection. Female choice on diet-derived pheromones could 
potentially drive host plant specialisation (Quental et al. 2007). In this case we would not 
expect larval host plant specialisation as selection is acting on the adult stage. To 
determine if this could be a plausible mechanism to explain host plant preference in 
Heliconius we would need to determine whether the compounds that change with host 
plant use are also important for female choice. 
We might expect to find intraspecific differences in chemistry between Heliconius 
races. Across their geographic range, Heliconius butterflies use different host plants and 
can vary in their extent of host plant specialisation (Benson et al. 1975; Benson 1978). 
Based on our results, we predict this to lead to differences in chemical bouquets between 
populations due to differing host plant use. We might also expect to find more 
intraspecific differences in chemistry in populations which are more generalist. Future 
investigations using different geographic races will help us understand the role of diet in 
the chemistry of Heliconius butterflies, and its link to host plant specialisation.   
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Supplementary Information 
Results. Repeat of analyses on relative compound amounts in samples. 
Results found were similar to analysis of absolute compound amounts. 
We repeated the analysis on the relative rather than absolute compound 
amounts. We found that H. melpomene reared on P. platyloba, P. menispermifolia, or P. 
vitifolia did differ significantly in their overall androconial bouquet (PERMANOVA, 
F2,38=2.015, p=0.048). This was not detected using absolute amounts, however, it only 
accounts for 9% of variation. We did not detect a difference in dispersion between groups 
(permutation test of homogeneity of dispersion, F2,39=0.559, p=0.559). All the same 
compounds found in significantly different amounts were the same as those found using 
absolute amounts (Table 1).  
We found that H. melpomene reared on P. platyloba, P. menispermifolia, or P. 
vitifolia did not differ significantly in their overall genital compound bouquet 
(PERMANOVA, F2,39=0.592, p=0.797). In contrast to the absolute amount analysis, we did 
not detect a difference in dispersion between groups (permutation test of homogeneity 
of dispersion, F2,40=1.254, p=0.296). The same compounds found in significantly different 
amounts were the same as those found using absolute amounts (Table 2), apart from the 
unknown compound (RI=1396) which is no longer significant.  
As found with analysis of absolute amounts, H. melpomene butterflies reared with 
or without pollen for 10 days do not differ in either androconial (PERMANOVA, 
F1,51=2.235, p=0.063), or genital (PERMANOVA, F1,45=0.795, p=0.500) bouquets.     
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Figure S1. Total ion chromatogram of extract from androconial region of H. 
melpomene. 1, Syringaldehyde; 2, internal standard; 3, (Z)-9-octadecenal; 4, octadecanal; 
5, methyloctadecanals; 6, 1-octadecanol; 7, methyloctadecan-1-ol; 8, (Z)-11-icosenal; 9, 
icosanal; 10, (Z)-11-icosenol; 11, (Z)-13-docosenal; 12, (Z)-13-docosen-1-ol. All peaks later 
than 45 minutes are cuticular compounds. Abundances are scaled to the highest peak.   
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Figure S2. Total ion chromatogram of extract from genital region of H. 
melpomene. 1, (E)-β-ocimene,; 2, internal standard; 3, henicosane; 4, (Z)-3-hexenyl 
hexadecanoate; 5, hexyl octadecenoate & (Z)-3-hexenyl octadecenoate. Abundances are 
scaled to the highest peak. 
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Table S1: Androconial compounds identified in H. melpomene rosina males reared 
on P. platyloba (19 individuals), P. menispermifolia (11 individuals) or P. vitifolia (12 
individuals), with a mean amount greater than 1 ng in at least one of the treatments. The 
gas chromatographic retention index (RI) is reported for each compound. Mean amounts 
(ng) ± standard deviation, as well as false detection rate corrected p-values. Compounds 
in bold are predicted to be plant-derived. 
Chemical RI P. platyloba P. 
menispermifolia 
P. vitifolia  
o-Guaiacol 1090 1.50±1.73 1.52±1.41 1.43±1.28 NS 
Nonanal 1105 25.31±34.96 11.64±8.88 10.10±3.91 NS 
Benzoic acid 1166 3.61±7.53 0.07±0.16 1.15±1.97 NS 
Naphthalene 1181 1.22±1.13 2.17±1.05 1.06±0.65 NS 
Methyl salicylate 1189 0.59±1.97 0.98±3.13 2.32±1.95 0.026 
Decanal 1198 1.80±5.65 0.86±1.69 0.10±0.34 NS 
Unknown compound 1353 0±0 0.40±1.31 3.30±3.85 0.006 
Dihydroactinidiolide  1532 1.41±1.65 0.52±0.72 0.48±0.63 NS 
Syringaldehyde 1662 641.31±407.13 406.92±228.15 442.11±229.66 NS 
3,5-Dimethoxy-4-
hydroxybenzyl alcohol 
1707 3.67±6.85 1.34±4.45 1.72±2.24 NS 
Unknown compound 1709 0.25±0.68 1.16±1.48 0.16±0.35 NS 
1-(3,5-Dimethoxy-4-
hydroxybenzyl) 
ethanone 
1735 0.99±1.58 0.67±0.76 0.01±0.04 0.022 
Unknown hydrocarbon 1753 1.53±2.08 3.46±2.87 1.01±1.72 NS 
Ethyl benzoate  1762 2.02±1.99 1.37±1.14 1.52±1.03 NS 
Benzyl benzoate 1766 0.25±0.57 0.13±0.44 1.27±1.40 0.022 
1-(4-Hydroxy-3,5-
dimethoxyphenyl)-2-
propen-1-one 
1807 1.48±1.93 1.15±1.32 0±0 0.016 
Methyl 1H-indol-3-
acetate 
1822 3.37±3.20 3.28±2.79 2.10±2.63 NS 
Methyl 1H-indol-3-
carboxylate 
1853 2.57±2.37 1.67±2.54 0.98±1.14 NS 
Benzyl salicylate 1870 1.44±2.57 0.57±0.97 1.99±3.67 NS 
Syringaldehyde 
derivative 
1891 0±0 3.05±2.74 0±0 0.003 
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Nonadecane 1898 1.47±2.69 2.48±4.31 0.56±1.04 NS 
Unknown compound 1914 1.27±1.80 1.33±1.11 0.78±0.86 NS 
Unknown hydrocarbon 1962 1.32±1.14 1.80±1.41 0.28±0.97 0.022 
(Z)-9-Octadecenal 1996 11.68±14.04 6.34±4.97 7.53±9.54 NS 
Octadecanal 2021 739.57±422.66 617.88±536.70 482.05±390.61 NS 
Ethyl 4-hydroxy-3,5- 
dimethoxybenzoate 
2057 32.61±55.79 11.60±13.95 0.14±0.37 0.011 
Methyloctadecanal 2065 8.11±5.99 5.69±4.96 2.56±3.81 NS 
Henicosadiene 2065 1.36±4.28 0.22±0.74 2.97±3.91 0.030 
Methyloctadecanal 2072 5.35±3.49 3.65±2.23 2.12±1.90 NS 
Methyloctadecanal 2077 30.77±15.99 15.37±8.54 10.94±13.15 0.011 
Octadecan-1-ol 2082 231.72±153.72 660.33±861.35 224.31±240.45 NS 
(Z)-16-Methyl-9-
octadecenol 
2092 4.97±4.17 5.67±4.76 2.80±3.43 NS 
Henicosane 2099 11.29±15.86 15.19±21.48 9.49±8.28 NS 
Unknown alkene or 
alcohol 
2127 16.38±7.55 16.65±13.98 10.54±6.22 NS 
Unknown compound 2132 36.70±19.06 45.70±35.74 24.82±14.49 NS 
Methyloctadecan-1-ol 2138 9.30±6.07 6.09±8.66 6.25±5.97 NS 
(Z)-11-Icosenal 2198 168.51±128.84 62.40±46.48 70.95±57.40 NS 
Icosanal 2224 23.21±11.46 16.08±14.41 8.41±7.59 0.009 
(Z)-11-Icosenol 2261 619.09±311.94 514.62±436.15 465.59±229.14 NS 
Tricosene 2281 3.98±3.12 8.03±8.92 2.73±2.85 NS 
Tricosane 2297 1.19±2.43 1.16±1.30 0.69±1.02 NS 
Fatty acid amide 2325 0.27±1.20 0±0 1.09±1.66 0.015 
Unknown amide 2374 2.17±6.01 0±0 2.04±4.82 NS 
Unknown compound 2392 12.30±18.70 5.30±10.87 1.23±2.86 NS 
(Z)-13-Docosenal 2403 66.30±54.95 32.82±40.35 32.03±25.53 NS 
(Z)-13-Docosen-1-ol 2464 31.80±22.13 53.03±93.01 35.28±30.98 NS 
Pentacosane 2500 3.43±4.69 1.86±1.84 2.42±1.77 NS 
 
 
 
Table S2: Genital compounds identified in H. melpomene rosina males reared on P. 
platyloba (17 individuals), P. menispermifolia (13 individuals) or P. vitifolia (13 
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individuals), with a mean amount greater than 1 ng in at least one of the treatments. The 
gas chromatographic retention index (RI) is reported for each compound. Mean amounts 
(ng) ± standard deviation, as well as false detection rate corrected p-values. Compounds 
in bold are predicted to be plant-derived. 
Chemical RI P. platyloba P. 
menispermifolia 
P. vitifolia  
b-Myrcene 990 11.94±13.62 15.16±6.25 19.34±31.48 NS 
(Z)-b-Ocimene 1030 2822.73±114
51.08 
70.18±27.71 246.54±635.68 NS 
(E)-b-Ocimene 1054 34789.16±22
151.25 
35742.69±9716.58 39065.11±30676.9
9 
NS 
o-Guaiacol 1090 0.33±0.67 0.34±0.75 1.08±1.81 NS 
Alloocimene 1129 8.64±11.64 14.34±14.11 26.66±30.00 NS 
2-sec-Butyl-3-
methoxypyrazine 
1173 41.38±21.95 51.89±27.36 46.52±27.05 NS 
2-Methoxy-3-
isobutylpyrazine 
1181 15.45±9.53 19.99±12.12 17.55±8.85 NS 
Methyl salicylate 1189 0.26±1.05 0.63±2.14 1.15±2.22 NS 
Dihydroedulan II 1290 35.91±29.64 14.78±11.83 23.38±25.46 NS 
7-b-(H)-
Silphiperfol-5-
ene 
1345 9.75±12.23 0±0 0±0 <0.
001 
8-
Hydroxylinalool 
1349 0±0 0±0 4.07±7.10 NS 
Unknown 
sesquiterpene 
1378 2.87±4.20 0±0 0±0 0.0
01 
Unknown 
sesquiterpene 
1384 20.90±21.99 0±0 0±0 <0.
001 
Unknown 
compound  
1396 39.76±27.38 26.83±30.96 8.23±6.87 0.0
04 
b-Caryophyllene 1417 18.97±22.09 0±0 0±0 <0.
001 
11-Dodecanolide 1465 2.86±5.50 4.34±7.34 3.84±9.72 NS 
14-
Tetradecanolide 
1733 9.64±19.18 0±0 0±0 NS 
Ethyl benzoate  1762 2.18±2.14 1.56±2.63 1.50±3.99 NS 
Hexadecenolide 1850 0.27±1.13 0±0 1.36±3.37 NS 
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15-
Hexadecanolide 
1855 0.18±0.54 2.87±5.59 0.82±2.09 NS 
Hexadecenolide 1865 4.29±13.80 1.28±4.61 1.53±5.52 NS 
(Z)-9-
Octadecenal 
1996 0±0 0±0 5.35±1.13 NS 
Icosane 1998 10.14±12.67 12.07±6.51 10.97±11.86 NS 
Octadecadienolid
e 
2033 0.36±1.01 2.37±5.95 4.27±12.07 NS 
(Z)-9-Octadecen-
11-olide 
2038 5.88±19.37 2.40±8.66 1.20±4.33 NS 
(Z)-9- Octadecen 
-13-olide 
2044 5.17±19.30 2.24±5.50 4.73±17.06 NS 
Octadecanoic 
acid ester 
2047 1.67±3.97 6.21±11.12 2.10±5.94 NS 
Unknown 
macrolide 
2048 1.16±2.28 4.68±6.25 0.53±1.30 NS 
Henicosene 2068 53.38±54.05 51.03±29.18 74.85±122.55 NS 
Henicosene 2072 11.49±16.42 10.88±8.71 17.30±21.31 NS 
Henicosene 2086 5.98±8.64 5.89±5.16 5.41±11.25 NS 
Henicosane 2100 1614.47±116
5.36 
1569.21±536.05 1502.11±1289.54 NS 
9-Octadecen-18-
olide 
2123 0.69±2.08 16.44±29.73 5.79±14.62 NS 
18-
Octadecanolide 
2135 2.62±4.86 4.98±7.66 5.47±13.83 NS 
Butyl 
hexadecenoate 
2153 5.63±14.40 1.76±4.62 3.28±8.21 NS 
Ethyl oleate 2160 2.22±6.34 5.64±14.76 83.31±245.15 NS 
Butyl 
hexadecanoate 
2186 146.79±189.
69 
73.69±61.43 152.44±235.08 NS 
Isopropyl oleate 2188 8.21±26.61 89.25±129.52 82.97±156.19 NS 
Docosane 2198 21.18±20.35 26.90±22.85 15.24±16.54 NS 
Unknown 
compound 
2250 0±0 1.48±5.32 1.33±2.09 0.0
39 
Tricosene 2270 84.15±83.76 102.54±78.73 180.70±300.84 NS 
Tricosene 2275 30.83±54.18 21.16±24.96 16.24±14.90 NS 
Isopentyl ester 2280 0.16±0.64 5.89±18.52 6.00±17.52 NS 
Isobutyl oleate 2287 19.14±50.51 264.92±578.20 342.60±833.26 NS 
Tricosane 2298 140.17±936.
38 
126.64±107.42 129.47±123.82 NS 
 78 
Unknown 
compound 
2305 6.85±11.73 2.72±5.56 4.78±12.70 NS 
Hexyl 
hexadecenoate 
2353 4.74±17.52 9.25±33.36 2.33±8.39 NS 
Butyl oleate 2355 845.44±1032
.66 
1028.79±939.16 1213.21±1386.81 NS 
Butyl 
octadecadienoat
e 
2355 28.30±65.79 22.08±39.32 28.95±44.74 NS 
(Z)-3-Hexenyl 
hexadecanoate 
2379 288.69±344.
78 
297.39±297.88 217.63±310.39 NS 
Butyl 
octadecanoate 
2386 58.67±119.3
9 
26.76±30.34 55.17±92.62 NS 
Isoprenyl 
octadec-11-
enoate 
2436 5.15±18.52 3.17±6.66 12.65±32.87 NS 
Unknown 
compound 
2460 2.25±9.26 2.78±10.03 19.24±52.08 NS 
(Z)-13-Docosen-
1-ol 
2464 69.50±115.0
9 
55.06±32.28 70.20±114.92 NS 
Unknown 
compound 
2466 4.15±17.10 7.10±13.76 0±0 NS 
1-Docosanol 2489 408.14±706.
49 
399.90±295.30 486.75±712.49 NS 
Pentacosane 2500 60.51±67.58 53.40±35.11 57.50±55.56 NS 
11-
Methylpentacosa
ne 
2532 20.72±28.09 13.23±15.59 18.77±29.49 NS 
Unknown 
compound 
2550 61.86±157.8
9 
42.53±66.66 51.60±104.67 NS 
Hexyl 
octadecenoate 
and (Z)-3-hexenyl 
octadecenoate 
2557 1398.41±169
9.54 
1724.97±1123.13 1689.16±2098.32 NS 
Hexenyl 
octadecatrienoat
e and (Z)-3-
hexenyl 
octadecatrienoat
e 
2561 216.83±278.
88 
271.38±240.37 323.64±504.26 NS 
(Z)-3-Hexenyl 
octadecanoate 
2581 94.71±171.4
4 
88.06±108.84 84.38±148.61 NS 
Hexacosane 2600 2.51±6.33 0±0 1.08±3.88 NS 
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1,3-Docosanediol 
cyclic 
dimethylsilyl- 
derivative 
2604 128.18±210.
59 
208.91±125.60 164.30±355.66 NS 
Tetracosenol 2670 601.62±936.
38 
762.63±414.84 1038.29±1582.15 NS 
1-Tetracosanol 2694 226.72±435.
64 
335.14±296.89 366.72±439.37 NS 
Unknown 
compound 
2694 0±0 6.35±22.89 445.39±1236.54 NS 
Heptacosane 2700 131.7±210.2
9 
61.09±47.31 55.22±82.73 NS 
11-
Methylheptacosa
ne 
2725 12.99±25.46 6.91±8.16 4.73±9.83 NS 
Cholestadiene 2744 0±0 9.56±34.48 18.18±24.10 <0.
001 
Unknown 
compound 
2746 1.90±7.30 0.12±0.44 1.84±5.05 NS 
Tetracosenolide 2749 0±0 13.03±22.58 4.05±14.51 NS 
Unknown 
compound 
2750 0±0 5.09±11.07 0±0 NS 
Unknown 
compound 
2752 5.41±15.64 0±0 3.51±12.66 NS 
Unknown 
compound 
2753 1.92±7.62 1.82±6.56 0±0 NS 
Unknown 
compound 
2770 63.97±102.6
0 
332.49±523.57 94.07±153.78 NS 
Unknown 
compound 
2783 7.03±20.83 0±0 8.64±31.13 NS 
1,3-
Tetracosanediol 
cyclic 
dimethylsilyl- 
derivative 
2799 225.11±454.
13 
363.47±270.74 363.61±816.74 NS 
Unknown 
compound 
2822 4.08±14.37 0.62±2.22 0±0 NS 
Hexacosanal 2829 62.94±125.3
2 
64.13±51.46 158.10±331.50 NS 
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Table S3: Pairwise comparisons of dispersion of H. melpomene genital compounds 
when reared on different plants. (Observed p-value below diagonal, permuted p-value 
above diagonal).  
 P. menispermifolia P. platyloba P. vitifolia 
P. menispermifolia  0.002 0.021 
P. platyloba 0.007  0.964 
P. vitifolia 0.024 0.962  
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Table S4: Androconial compounds identified in H. melpomene rosina males fed as 
adults with (20 individuals) or without pollen (33 individuals) with a mean amount greater 
than 1 ng in at least one of the treatments. The gas chromatographic retention index (RI) 
is reported for each compound. Mean amounts (ng) ± standard deviation. No differences 
were found to be statistically significant.  
Chemical RI With pollen Without 
pollen 
Nonanal  1105 20.02±6.30 28.38±11.46 
Benzoic acid 1166 8.82±8.46 7.18±6.99 
Naphthalene 1181 2.26±1.36 1.94±2.50 
Homovanillyalcohol 1523 1.26±1.71 0.98±2.08 
Syringaldehyde 1662 592.20±296.89 501.25±230.87 
3,5-Dimethoxy-4-hydroxybenzyl alcohol 1707 3.90±4.40 2.71±3.68 
1-(3,5-Dimethoxy-4-hydroxybenzyl)ethanone 1735 4.17±3.54 5.83±5.09 
Unknown hydrocarbon 1750 2.32±2.72 2.42±3.42 
Ethyl benzoate  1762 1.69±1.19 2.60±2.64 
Benzyl benzoate 1766 2.28±2.99 0.67±1.29 
1-(4-Hydroxy-3,5-dimethoxyphenyl)-2-propen-1-
one 
1807 5.23±5.02 6.76±8.41 
Methyl 1H-indol-3-acetate 1822 4.25±2.99 3.26±3.09 
Methyl 1H-indol-3-carboxylate 1853 1.47±2.22 1.42±1.79 
Unknown compound 1914 1.37±1.61 0.69±0.95 
Unknown compound 1930 1.75±2.14 0.79±1.51 
Hexadecanoic acid 1960 5.61±5.01 5.44±5.27 
(Z)-9-Octadecenal 1996 10.69±7.61 9.24±8.44 
Octadecanal 2021 688.33±388.77 626.43±327.87 
9-Octadecen-1-ol 2040 180.69±7.61 9.24±8.44 
Nonadecanal, methyl, branched 2054 5.61±5.01 5.44±5.27 
Ethyl 4-hydroxy-3,5- dimethoxybenzoate 2057 16.52±16.30 18.36±19.15 
Unknown compound 2057 7.94±4.78 6.90±5.21 
Methyloctadecanal 2065 8.13±6.03 7.32±7.39 
Henicosadiene 2065 3.31±4.30 2.47±3.94 
Methyloctadecanal 2072 6.56±5.21 5.56±5.27 
Methyloctadecanal 2077 21.03±14.15 25.57±15.99 
Octadecan-1-ol 2082 384.90±286.32 264.82±225.41 
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(Z)-16-Methyl-9-octadecenol 2092 4.60±6.29 5.91±5.08 
Henicosane 2099 10.12±5.72 15.23±7.61 
Unknown compound 2103 3.00±7.81 1.95±6.44 
Unknown compound 2112 1.62±2.99 0.12±0.71 
Unknown alkene or alcohol 2127 27.64±17.93 22.76±14.84 
Unknown compound 2132 35.81±36.17 17.46±26.56 
Methyloctadecan-1-ol 2138 17.35±11.25 17.10±10.78 
Unknown hydrocarbon 2143 1.38±4.23 0.82±3.40 
Octadecanoic acid 2160 1.79±3.09 0.54±1.79 
Unknown alcohol 2166 1.08±2.24 1.21±2.44 
(Z)-11-Icosenal 2198 103.12±70.73 105.61±77.15 
Icosanal 2224 16.58±9.85 15.82±9.47 
(Z)-11-Icosenol 2261 768.01±361.82 523.86±343.46 
Tricosene 2281 7.76±6.12 6.19±5.45 
Fatty acid amide 2325 2.29±30.1 2.80±3.93 
Unknown compound 2352 6.03±12.03 3.72±6.66 
Unknown amide 2374 2.34±8.40 3.96±19.32 
Unknown compound 2392 4.41±6.26 7.88±34.56 
(Z)-13-Docosenal 2403 44.77±34.60 35.19±30.69 
(Z)-13-Docosen-1-ol 2464 60.82±52.24 33.23±41.49 
Unknown compound 2465 1.78±4.71 4.09±6.46 
Pentacosane 2500 10.57±9.64 7.70±6.69 
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Table S5: Genital compounds identified in H. melpomene rosina males fed as 
adults with (20 individuals) or without pollen (27 individuals) with a mean amount greater 
than 1 ng in at least one of the treatments. The gas chromatographic retention index (RI) 
is reported for each compound. Mean amounts (ng) ± standard deviation. No differences 
were found to be statistically significant.  
Chemical RI With pollen Without pollen 
b-Myrcene 990 9.39±7.27 14.87±11.98 
(Z)- b-Ocimene 1030 881.98±3725.80 971.89±4438.55 
(E)- b-Ocimene 1054 21179.02±10155.09 30487.62±18517.35 
Nonanal 1105 3.61±2.43 4.34±5.42 
Alloocimene 1129 21.45±15.80 39.62±39.16 
(4E,6Z)-2,6-Dimethyl-2,4,6-octatriene 1140 10.10±11.40 13.04±18.50 
2-sec-Butyl-3-methoxypyrazine 1173 25.95±20.86 25.81±20.67 
2-Methoxy-3-isobutylpyrazine 1181 10.61±8.27 9.59±5.70 
Napthalene 1181 1.32±1.56 4.34±7.71 
Methyl salicylate 1189 4.51±9.46 5.35±10.85 
Dihydroedulan II 1290 8.78±11.13 15.20±14.38 
Unknown sesquiterpene 1384 6.30±11.42 12.43±23.95 
Unknown compound  1396 16.07±13.93 26.85±20.84 
b-Caryophyllene 1417 3.88±10.48 8.91±29.30 
Unknown compound 1433 0.84±2.05 2.36±4.05 
11-Dodecanolide 1465 6.73±9.05 8.40±9.69 
14-Tetradecanolide 1733 11.74±24.63 4.47±11.99 
Ethyl benzoate  1762 1.44±1.62 1.57±2.09 
Hexadecenolide 1845 5.53±17.19 9.55±24.97 
Unknown compound 1859 0.79±3.19 1.21±5.21 
Nonadecane 1899 1.61±3.35 1.42±3.36 
Hexadecanoic acid 1960 15.85±19.88 17.87±29.71 
(Z)-9-Octadecenal 1996 7.50±10.06 6.10±12.93 
Icosane 1998 18.11±19.35 19.47±19.80 
Octadecadienolide 2035 3.31±4.86 1.31±2.96 
(Z)-9- Octadecen -13-olide 2044 7.16±17.20 29.61±71.06 
Octadecanoic acid ester 2047 8.75±17.77 14.61±35.16 
Unknown macrolide 2048 3.77±8.21 4.27±11.31 
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Henicosene 2068 84.17±89.07 82.57±111.40 
Henicosene 2072 40.57±27.09 47.44±29.12 
Henicosene 2086 14.82±16.54 12.33±14.01 
Henicosane 2100 1673.83±1185.53 2040.62±1566.25 
9-Octadecen-18-olide 2123 11.57±23.92 17.70±42.81 
18-Octadecanolide 2135 13.74±18.73 25.94±35.28 
Butyl hexadecenoate 2153 25.92±57.62 15.67±49.62 
Ethyl oleate 2160 147.50±457.41 10.19±35.77 
Butyl hexadecanoate 2186 290.97±395.89 263.52±358.96 
Isopropyl oleate 2188 66.81±130.57 202.02±428.01 
Docosane 2198 26.73±24.06 26.97±27.21 
Icosanal 2228 4.45±4.07 10.26±12.09 
Isoprenyl palmitate 2254 3.10±6.48 4.32±17.03 
Fatty acid amide 2325 1.07±2.70 3.92±9.83 
Unknown compound 2250 1.97±2.93 2.73±4.94 
Tricosene 2270 127.52±118.14 174.15±312.73 
Tricosene 2275 53.20±33.49 239.55±784.00 
Isopentyl ester 2280 2.93±6.25 34.07±115.31 
Isobutyl oleate 2287 272.35±494.86 456.07±1058.14 
Tricosane 2298 151.85±140.12 145.52±150.42 
Unknown compound 2305 25.00±50.08 17.72±30.82 
Butyl oleate 2355 2214.19±2368.51 2678.85±2991.26 
Butyl octadecadienoate 2355 63.55±84.53 117.52±197.94 
(Z)-3-Hexenyl hexadecanoate 2379 346.46±490.37 280.53±356.56 
Butyl octadecanoate 2386 94.73±130.80 103.26±153.70 
Tetracosane 2400 3.31±4.86 1.31±2.96 
19-Methyleicosyl acetate 2422 5.31±11.84 6.75±14.63 
Unknown aldehyde 2422 9.51±7.39 7.60±9.96 
Isoprenyl octadec-11-enoate 2436 30.34±51.83 66.75±177.60 
(Z)-13-Docosen-1-ol 2464 89.49±117.01 173.83±219.21 
1-Docosanol 2489 496.28±431.58 881.27±900.58 
Pentacosane 2500 137.90±141.25 100.48±84.41 
11-Methylpentacosane 2532 66.03±83.60 32.51±38.54 
Hexyl octadecadienoate 2544 33.98±130.16 8.12±40.30 
Hexyl octadecenoate and (Z)-3-hexenyl 
octadecenoate 
2557 2058.15±2294.58 3106.82±3582.23 
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Hexenyl octadecatrienoate and (Z)-3-
hexenyl octadecatrienoate 
2561 309.53±337.68 364.39±579.66 
(Z)-3-Hexenyl octadecanoate 2581 140.28±188.85 161.72±240.14 
Hexyl octadecanoate 2590 77.96±152.82 198.52±347.46 
Hexacosane 2600 29.70±30.06 13.90±28.32 
1,3-Docosanediol cyclic dimethylsilyl-
derivative 
2604 119.97±115.65 327.36±499.90 
Tetracosenol 2670 786.60±733.25 1626.51±1667.51 
1-Tetracosanol 2694 491.61±567.03 1108.74±1589.39 
Heptacosane 2700 149.12±88.41 203.20±138.24 
11-Methylheptacosane 2725 29.63±30.91 51.28±39.67 
Unknown compound 2746 7.77±16.27 0±0 
Unknown compound 2770 201.71±348.54 174.97±163.95 
Unknown compound 2783 12.57±22.04 40.47±57.57 
1,3-Tetracosanediol cyclic dimethylsilyl-
derivative 
2799 153.20±166.52 405.72±479.21 
Octacosane 2800 11.58±21.23 7.52±15.09 
Hexacosanal 2829 65.41±66.25 247.52±388.10 
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Chapter 4 
Species specificity and intraspecific variation in the 
chemical profiles of Heliconius butterflies across a large 
geographic range 
Abstract 
In many animals, mate choice is important for the maintenance of reproductive 
isolation between species. Traits important for mate choice and behavioural isolation are 
predicted to be under strong stabilising selection within species, however such traits can 
also exhibit variation at the population level driven by neutral and adaptive evolutionary 
processes. Here, we describe patterns of divergence among androconial and genital 
chemical profiles at inter- and intra-specific levels in mimetic Heliconius butterflies. Most 
variation in chemical bouquets was found between species, but there were also 
quantitative differences at the population level. We found a strong correlation between 
interspecific chemical and genetic divergence, but this correlation varied in intraspecific 
comparisons. We identified ‘indicator’ compounds characteristic of particular species that 
included compounds already known to elicit a behavioural and electrophysiological 
response, suggesting an approach for identification of candidate compounds for future 
behavioural studies in novel systems. Overall, the strong signal of species identity 
suggests a role for these compounds in species recognition, but with additional 
potentially neutral variation at the population level.  
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Introduction 
Reproductive isolation between lineages is important for the maintenance of 
species diversity (Coyne and Orr, 2004). In many animals, mate choice provides a strong 
pre-mating barrier, maintaining reproductive isolation (Friberg et al., 2008; Gray and 
Cade, 2000; Martin and Mendelson, 2016; Nagel and Schluter, 1998; Ready et al., 2006; 
Seehausen et al., 2008; Selz et al., 2014). Closely related species often differ in traits 
important for mate choice, with individuals displaying a preference for conspecific 
phenotypes (Jiggins et al., 2001; Mas and Jallon, 2005; Ryan and Guerra, 2014; Saveer et 
al., 2014; Yildizhan et al., 2009). These traits are predicted to show strong species-specific 
differences (Gerhardt, 1982), and typically should be subject to stabilising selection which 
can act to decrease intraspecific phenotypic variation (Butlin et al., 1985; Pfennig, 1998; 
Ptacek, 2000). As a consequence, we would expect to find little trait variability, or at least 
certain features to be invariant, across species geographic ranges (Benedict and Bowie, 
2009; Ferreira and Ferguson, 2002; McPeek et al., 2011; Weber et al., 2016). However, 
these traits can also exhibit variation both within and between populations of the same 
species, either due to genetic drift and/or varying selective regimes across their ranges 
(Bolnick and Kirkpatrick, 2012; Ryan et al., 1996; Ryan and Guerra, 2014; Ryan and Rand, 
1993).  
Signals important for behavioural isolation could arise from the divergence of 
traits used in intraspecific communication between populations (Johansson and Jones, 
2007; Mendelson and Shaw, 2012; Ryan and Rand, 1993; Smadja and Butlin, 2008). Signal 
divergence can be driven by various factors, both neutral and adaptive, usually involving 
multiple evolutionary forces (Leonhardt et al., 2013; Sun et al., 2013). A positive 
correlation between genetic distance and phenotypic variation is consistent with 
stochastic processes, such as genetic drift, playing a prominent role (Irwin et al., 2008). In 
contrast, a lack of correlation between phenotypic and genetic divergence may suggest 
that selection is shaping the phenotypic variation, perhaps driving divergence in different 
directions in each population (Campbell et al., 2010; Conrad et al., 2018; Hankison and 
Ptacek, 2008; Mullen et al., 2009). 
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Chemical compounds, such as sex pheromones, mediate intraspecific 
communication in many systems (Wyatt, 2014, 2003). The role of chemical signalling in 
behavioural isolation is also well established, especially among moth species (Löfstedt, 
1993; Smadja and Butlin, 2008). Pheromone evolution requires changes in both the 
detection of pheromone by the receiver, and the production of pheromone by the 
sender. Due to this coordination between detection and production, these pheromone 
blends are traditionally regarded as being under stabilising selection towards a species 
stereotype (Löfstedt 1993). Nonetheless, even when species-specific characteristics are 
present, chemical composition can exhibit intraspecific variation, with both qualitative 
and quantitative differences found across a species range (Carde and Allison, 2016). 
Studies of Heliconius butterflies have contributed to our understanding of 
adaptation and speciation (Jiggins, 2017, 2008; Merrill et al., 2015). Despite the reliance 
of this group on visual cues for mating (Bybee et al., 2012; Finkbeiner et al., 2017; Jiggins 
et al., 2001; Merrill et al., 2014; Sánchez et al., 2015), it has long been suggested that 
male pheromones also play a role in pre-mating barriers (Jiggins, 2008; Merrill et al., 
2015), but so far only a few species have been studied. Behavioural experiments reveal 
that chemical signalling in Heliconius erato, H. melpomene and H. timareta is important 
for female mate choice (Darragh et al., 2017; Mérot et al., 2015). Electroantennographic 
studies have shown that Heliconius cydno and H. melpomene respond to both con- and 
heterospecific androconial chemical bouquets (Byers et al., 2019), and have identified an 
individual compound that is electrophysiologically and behaviourally active. Furthermore, 
studies of H. cydno, H. doris, H. hecale, H. ismenius, H. melpomene, H. pardalinus, H. sara 
and H. timareta from Panama, Colombia, Ecuador, and Peru, found that major 
compounds differ between species (Mann et al., 2017; Mérot et al., 2015), suggesting a 
potential role in reproductive isolation.  
The role of chemical signalling is likely to be especially important in co-mimics, 
where visual signals alone are not sufficient to identify conspecifics (Estrada and Jiggins, 
2008; Giraldo et al., 2008; Mérot et al., 2013; Sánchez et al., 2015). In contrast, chemical 
compounds could be part of a multimodal aposematic warning signal (Rojas et al., 2018; 
Rothschild, 1961), with some tentative evidence that co-mimics exhibit similar chemical 
bouquets to aid recognition by predators (Mann et al., 2017).  
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Here, we describe the chemical profiles of seven species of Heliconius from over 
250 individuals collected across the Neotropics. We focus on the co-mimetic species H. 
melpomene and H. erato that are distributed widely across the Neotropics and analysed 
both wing androconial and genital compounds of male butterflies. We hypothesise that 
compounds found consistently across the geographic range of a species are likely to be 
behaviourally active compounds, important for mate choice. We use H. melpomene as a 
test-species due to the availability of behavioural and electrophysiological data to 
investigate this approach, by evaluating consistency in compound blends across different 
localities. 
The extensive dataset analysed here allows us to test evolutionary hypotheses, as 
well as identifying interesting candidate compounds for future behavioural studies. As 
well as interspecific variation, we also investigated intraspecific variation in chemical 
profiles of H. melpomene and H. erato. In both inter- and intraspecific datasets, we 
correlated chemical profile data with both geographic and genetic distances. 
Furthermore, to investigate if the chemical compounds are part of the aposematic co-
mimicry signal we sampled two different mimicry rings in western Ecuador and Panama. 
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Methods 
Sampling 
Between February 2016 and August 2017 wild males of Heliconius cydno, H. 
elevatus, H. eleuchia, H. erato, H. melpomene, H. sapho and H. timareta were collected 
with hand nets from twelve localities. Between two and fifteen males were chemically 
analysed per population (Fig. 1, Table S1), and one representative from each subspecies 
of H. erato and H. melpomene were used for whole-genome sequencing (Table S2). We 
follow the latest Heliconius taxonomy (Lamas and Jiggins, 2017).    
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Figure 1. Map indicating species collected from twelve localities across the 
Neotropics. See Table S1 for sample numbers. The phylogeny was previously published by 
Kozak et al., (2015). 
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Extraction and chemical analysis of tissues 
The androconial region of the wing, previously described as the grey-brown 
overlapping region of the hindwing (Darragh et al., 2017), as well as the genitalia, were 
dissected for analysis immediately after collection. For chemical extraction, the tissue was 
soaked in 200μl dichloromethane containing 200ng 2-tetradecyl acetate (internal 
standard) in 2ml glass vials with PTFE-coated caps (Agilent, Santa Clara, USA) for one 
hour. The solvent was then transferred to new vials, maintained cool in the field and 
stored at -20°C upon return. Androconial samples were evaporated to a reduced volume 
at room temperature prior to analysis. Extracts were analysed by GC/MS using an Agilent 
model 5977 mass-selective detector connected to an Agilent GC model 7890B and 
equipped with an Agilent ALS 7693 autosampler. HP-5MS fused silica capillary columns 
(Agilent, Santa Clara, USA, 30 m × 0.25 mm, 0.25 µm) were used. Injection was performed 
in splitless mode (250°C injector temperature) with helium as the carrier gas (constant 
flow of 1.2 ml/min). The temperature programme started at 50°C, was held for 5 minutes, 
and then rose at a rate of 5°C/minute to 320°C, before being held at 320°C for 5 minutes. 
Components were identified by comparison of mass spectra and gas chromatographic 
retention index with those of authentic reference samples and also by analysis of mass 
spectra. Components were quantified using 2-tetradecyl acetate as an internal standard. 
Only compounds eluting earlier than hexacosane were analysed in androconial samples, 
and those earlier than nonacosane in genital samples (Darragh et al. 2017). We globally 
removed compounds that were not found in at least half of all individuals from a given 
population.  
DNA extraction and library preparation 
We used a representative individual from each subspecies of H. erato and H. 
melpomene from across their range. Individuals were genotyped with medium to high 
coverage whole genome sequencing. We used two sequencing approaches. Genomic 
DNA of individuals whose ID start with SR or KK (C. Kozak collection, n=14) was extracted 
from thorax tissue with Qiagen MagAttract beads. The KAPA Biosystems kit was used to 
prepare paired-end 2x150 base pair libraries with inserts of 50-200bp after SPRI size-
selection. Libraries were quality-controlled using the Agilent 2100 Bioanalyzer and 
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indexed with the KAPA Single-Indexed Adapter Kit. Libraries were sequenced on the 
Illumina HiSeq4000 platform by Novogene, Tianjin, People’s Republic of China. For the 
remainder newly sequenced individuals (n=6, starting with CAM or 14N, Cambridge and 
N.Nadeau collections, respectively), we extracted genomic DNA with Qiagen DNeasy kits 
(Qiagen) from thorax tissue. The libraries for these individuals were TruSeq Nano, gel-free 
libraries and were sequenced on Illumina HiSeq 2500 platform (v4 chemistry) by 
Novogene (Hong Kong). Whole-genomes for four individuals were obtained from public 
databases. Individual information can be found in Table S2. 
Calculation of genetic and geographic distance matrices 
To explore genetic distance among the studied H. erato (n=12) and H. melpomene 
(n=13) populations, we computed whole-genome genetic covariance matrices and 
performed MDS for each species separately. A whole-genome sequence from a 
representative individual from each population was used (Table S2). Genotypes were 
inferred from reads mapped to the H. melpomene (v2.5) and H. erato demophoon 
genome scaffolds (Challis et al., 2016; Davey et al., 2017; Heliconius Genome Consortium, 
2012; Van Belleghem et al., 2017) with bwa v0.7.15 (Li and Durbin, 2009). We computed a 
whole-genome pairwise identical by state (IBS) matrix with a random sampled read from 
each position in the genome, implemented in ANGSD v0.912 (Korneliussen et al., 2014) 
(angsd -bam bam.path.list -minMapQ 30 -minQ 20 -GL 2  -doMajorMinor 1 -doMaf 1 -
SNP_pval 2e-6 -doIBS 1 -doCounts 1 -doCov 1 -makeMatrix 1 -minMaf 0.05). 
An interspecific genetic distance matrix was constructed using the function 
“cophenetic.phylo” from the ape package (Paradis and Schliep, 2018) with a previously 
published phylogeny (Kozak et al., 2015). Geographic distance matrices were created by 
inputting the co-ordinates of collection localities into the function “distm” in the 
geosphere package to calculate the Haversine great-circle-distance between points 
(Hijmans, 2017).  
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Statistical analyses: Inter- and intra-specific indicator compounds 
We carried out indicator analysis using the indicspecies package (Cáceres and 
Legendre, 2009). Groupings are decided a priori (in this case species or population) and 
compounds are determined which act as indicators of these groups. The best indicators 
are those which are only found in a single group (specificity) and all group members 
possess the compound (coverage); such a compound would have an indicator value of 1. 
The specificity of a compound is calculated based on the amount of compound found in 
each individual, whilst the coverage considers only presence or absence of the 
compound. We used the function “indicators” to investigate both which single 
compounds and combinations of compounds best predict group membership. We used 
the function “pruneindicators” to find the single or combinations of compounds which 
had the highest indicator values.  
Statistical analyses: Variation in chemical profiles 
Divergence in chemical profiles across species and populations was estimated with 
non-metric multidimensional scaling (NMDS) ordination in three dimensions, based on a 
Bray-Curtis similarity matrix. We used the “metaMDS” function in the vegan package 
version 2.5-1 (Oksanen et al. 2017), and visualised the NMDS using the ade4 package 
(Dray and Dufour 2007). 
We assessed the relative importance of relevant factors in driving the variation in 
chemical profiles with multivariate statistical analyses. These factors included: species 
identity, geographic region and individual locality. We excluded subspecies as a factor 
because, in Heliconius, these are determined based on their, sometimes very subtle, 
difference in wing colour pattern, with extensive gene flow across the genome between 
subspecies (Van Belleghem et al., 2017). It is therefore more biologically relevant to 
include locality in the model, to account for genetic drift between subspecies, and since 
locality and subspecies are highly correlated we cannot include both. To compare overall 
variation in chemical composition between groups, we carried out PERMANOVA 
(permutational multivariate analysis of variance) testing based on a Bray-Curtis distance 
matrix, using the “adonis2” function in the vegan package with 1000 permutations. We 
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investigated each term in the model sequentially, starting with species identity, the main 
clustering factor found from visualisation with NMDS, followed by geographic region 
(Panama vs Western Andes vs Eastern Andes vs Amazon), and finally individual collecting 
localities. Model goodness of fit was evaluated by Akaike information criterion (AIC). In 
general, we chose the model with the lowest AIC value, however, if two models were 
within two AIC of each other we chose the simplest model as the best fit (Table S3). We 
followed these PERMANOVA tests with post hoc pair-wise testing using the function 
“pairwise.perm.manova” in the RVAidememoie package, with Bonferroni correction, to 
identify which grouping factors were significantly different (Hervé, 2018). We repeated 
the PERMANOVA analysis within species, in H. erato and H. melpomene, to investigate 
fine-scale intraspecific geographic patterns. In the within species analysis we included 
geographic region (Panama vs Western Andes vs Eastern Andes vs Amazon), and 
individual collecting localities as the two factors.  
One issue with distance-based analyses such as PERMANOVA is that differences in 
dispersion between groups can be confounded with differences in location (Warton et al., 
2012). To confirm these analyses and account for this issue, we implemented multivariate 
generalised linear models using the function “ManyGLM” from the mvabund package 
(Wang et al., 2012). We modelled the data using a negative binomial distribution, which 
we found to be appropriate through examination of residual plots. For interspecific 
analyses we included species, region, and locality nested within region in the model. For 
intraspecific analyses we included region and locality nested within region. The 
“ManyGLM” function fits models to each chemical compound, summing the test statistics 
to give a multivariate test statistic known as Sum-of-LR. This statistic can be tested for 
significance using resampling methods. We carried out backwards elimination and 
compared the fit of models by using the “anova.manyglm” function with a likelihood ratio 
test (Table S4). We can also determine which compounds are driving between-group 
differences by looking at the individual contribution of each compound to the Sum-of-LR, 
with p-values adjusted for multiple testing using the “adjust” option. 
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Phylogenetic and geographic distance 
Shared ancestry can explain part of the variation in a species’ chemical profile. 
Using the interspecific genetic distance matrix calculated above, we tested for a 
correlation between phylogenetic distance and chemical profile divergence. We carried 
out partial Mantel tests, controlling for geographic distance, using the vegan package 
(Oksanen et al., 2017). To investigate the role of geographic distance in chemical profile 
divergence, we compared geographic and chemical distances matrices, controlling for 
genetic distance, with partial Mantel tests. To visualise the species phylogeny (Kozak et 
al., 2015) we used the “plot.phylo” function from the ape package (Paradis and Schliep, 
2018). 
Genomic and chemical distance within species 
We calculated intraspecific genetic distances using genome sequences from 11 H. 
erato and 13 H. melpomene populations. We visualised genetic distances in two 
dimensions using MDS with the function “cmdscale”. We tested for a correlation between 
intraspecific genetic distance and chemical profile divergence with partial Mantel tests, 
controlling for geographic distance, using the vegan package (Oksanen et al., 2017). 
Hybrids between populations of the same species were excluded from this analysis (Table 
S2). We also used partial Mantel tests to investigate the role of geographic distance, while 
controlling for genetic distance. 
Co-mimics and similarity of chemical profiles 
We used samples of two mimicry rings from two localities, Panama and western 
Ecuador. H. melpomene and H. erato form one mimicry ring, whilst H. cydno and H. sapho 
form another, with the addition of H. eleuchia in western Ecuador (Fig. 1). We visualised 
these samples but did not carry out statistical analyses due to the psuedoreplication 
caused by the similar of individuals within a species. More species comparisons would be 
needed for further analysis.  
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All statistical analyses were performed with R version 3.5.1 (R Core Team, 2018). 
Figures were made using a palette of colours optimized for colour-blindness (Wong, 
2011). We used ggplot2 for violin and boxplots (Wickham, 2009). Sequencing data is 
available from ENA under accession number PRJEB35570. GCMS chromatograms, other 
data, and R scripts used for analysis are available from Open Science Framework (OSF) 
(https://osf.io/28yfk/). 
Results 
Chemical compounds in androconia and genitals 
We sampled 252 androconia and 275 genitals across 42 populations of seven 
species, and identified 349 compounds in the genitals and 157 in the androconia (Table 
S5, S6). Of the total number of androconial compounds, 38% are fatty acid derivatives, 
20% aromatics, 10% terpenoids, 1% macrolides, <1% lactones and 31% unknown or 
unidentified compounds. Of the genital compounds, 17% are fatty acid derivatives, 7% 
aromatics, 10% terpenoids, 1% lactones, 12% macrolides and 44% unknown or 
unidentified compounds. The main difference is that there are more macrolides in the 
genitals than in androconia.  
Heliconius species varied considerably in the amount and number of compounds 
(Fig. 2). Between species there was variation in the number of compounds per individual, 
and the overall amount of compounds detected (Table S5, S6). For the androconia, H. 
eleuchia had the fewest compounds (13±5), and H. melpomene the highest (32±11) 
(mean ± standard deviation). H. sapho had the lowest total amount of androconial 
compounds at 1,300±803 ng, and H. melpomene the highest at 7,254±8,242 ng. The 
species with the fewest genital compounds was H. sapho with 32±7, and the highest H. 
cydno with 102±21. H. sapho also had the lowest total amount of genital compounds at 
6,642±3,975 ng, and H. cydno the highest at 91,167±67,122 ng. These values are within 
the same order of magnitude as expected from previous work on male sex pheromones in 
the butterfly Bicyclus anyana (Nieberding et al., 2012; van Bergen et al., 2013). Using H. 
erato as an example, the androconial bouquet is 0.00002%, and genital bouquet 0.0007% 
of total body weight (Montgomery et al., 2016). In general, a higher number of 
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compounds and total amount of compounds is found in the genitals than in the 
androconial patches of Heliconius wings.  
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Figure 2. Composition of androconial and genital bouquets across seven Heliconius 
species. Species significantly differ in: (A) number of androconial compounds (ANOVA, 
F6,245=21.54, p<0.001), (B) number of genital compounds (ANOVA, F6,268=36.15, p<0.001), 
(C) amount of androconial compounds (ANOVA, F6,245=11.55, p<0.001), (D) amount of 
genital compounds (ANOVA, F6,268=11.62, p<0.001). Four outlier individuals were removed 
from C.  
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Are there species-specific chemical compounds? 
In order to identify candidate species recognition pheromones, we examined our 
data for species specific compounds using indicator analysis. In most species that we 
examined there were single androconial compounds that were strong indicators of 
species identity (Table 1). For example, geranylgeranylacetone was found only in H. erato 
and was consistently present across samples of this species.  Similarily, octadecanal, a 
compound previously shown to be electrophysiologically active (Byers et al. 2019), was 
found almost exclusively in H. melpomene (specificity=0.999). H. cydno and H. eleuchia 
had the weakest indicator scores; in H. cydno because the best indicator compound was 
not found in all individuals examined (coverage= 0.667), and in H. eleuchia because the 
best indicator compound was also found in other species (specificity= 0.747). There were 
similarly species-specific genital compounds in all species except H. sapho and H. 
timareta, where a combination of two compounds was the best predictor (Table 2). 
Similar to the androconia, in H. melpomene, the best indicator compound for genitalia 
has known biological activity, in this case the anti-aphrodisiac, (E)-β-ocimene (Schulz et al. 
2008). For H. erato we identified a terpene ester which is only found in H. erato 
individuals and no other species. Other terpene esters were also almost perfect indicator 
compounds of H. erato.  
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Table 1: Androconial compounds which are the best indicators of species identity. 
A is a measure of species specificity of the compounds, B is a measure of species coverage, 
and sqrtIV is the indicator value which considers both A and B and ranges from 0 
(compound not present in any individuals of that species) to 1 (compound only present in 
that species, and present in all individuals). 
Species/compound A: 
specificity 
B: 
coverage 
sqrtIV 
H. cydno    
Unknown aromatic (RI=2130) 1 0.667 0.816 
H. eleuchia    
Hexahydrofarnesylacetone 0.747 1 0.864 
H. elevatus    
Homovanillylalcohol 0.912 1 0.955 
H. erato    
Geranylgeranylacetone 1 1 1 
H. melpomene     
Octadecanal 0.999 1 1 
H. sapho    
Methyl 4-hydroxy-3-methoxybenzoate 0.866 1 0.931 
H. timareta    
5-Decanolide 1 0.889 0.943 
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Table 2: Genital compounds which are the best indicators of species identity. A, B, 
and sqrtIV as in Table 1.  
Species/compound A: 
specificity 
B: 
coverage 
sqrtIV 
H. cydno    
Unknown ester (RI=1390) 0.999 1 0.999 
H. eleuchia    
Unknown macrolide RI=1878 0.969 1 0.984 
H. elevatus    
Icosenol  0.908 1 0.953 
H. erato    
Unknown terpene ester (RI=2494) 1 1 1 
H. melpomene     
(E)-β-Ocimene  0.865 1 0.930 
H. sapho    
(Z)-3-Hexenyl isobutyrate & unknown 
(RI=1691) 
0.957 0.923 0.940 
H. timareta    
Butyl oleate & (Z)-9-octadecen-13-olide 0.915 1 0.956 
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Figure 3. NMDS (non-metric multidimensional scaling) plot illustrating in three 
dimensions the variation in chemical compounds of male Heliconius of different species. 
A) Androconial compound bouquets differ significantly between species. Stress=0.155.  B) 
Genital bouquets also differ significantly between species. Stress=0.121. 
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What factors affect interspecific variation in chemical profiles? 
Our sampling allowed us to investigate how variation in chemical composition is 
partitioned within and between species, and determine the extent to which chemistry is a 
species-diagnostic trait. Visualisation of the chemical profiles reveals that individuals 
mostly group by species for both androconial and genital chemical bouquets (Fig. 3). 
Species significantly differ in their androconial bouquet, with species identity accounting 
for 58% of the overall variation in chemical profiles (PERMANOVA, Species, F6,251=72.16, 
p<0.001). All pairwise comparisons of species are significant (Table S7). A further 4% of 
variation can be explained by region (Amazon/Eastern Andes/Western Andes/Panama), 
and 3% by locality nested within region (PERMANOVA, Region, F3,251=9.96, p<0.001; 
(Region/Locality), F8,251=2.65, p<0.001). Finally, 4% of variation is explained by an 
interaction between species and region (PERMANOVA, Species*Region F6,251=4.82, 
p<0.001;).  
The results were similar for the genital bouquets, with species identity accounting 
for 51% of the variation in chemical profiles (PERMANOVA, Species, F6,274=59.81, 
p<0.001). All pairwise comparisons are significant apart from H. elevatus and H. 
melpomene (Table S8). A further 5% of variation can be explained by region 
(Amazon/Eastern Andes/Western Andes/Panama), and 3% by locality nested within 
region (PERMANOVA, Region, F3,274=12.43, p<0.001; (Region/Locality), F8,274=2.92, 
p<0.001). Finally, 6% of variation is explained by an interaction between species and 
region (PERMANOVA, Species*Region F6,274=6.52, p<0.001). For both androconial and 
genital chemical profiles, most variation is explained by species identity, rather than 
geographic location, as confirmed by ManyGLM (Tables S9, S10). We also confirmed this 
by comparison of within and between species and locality Bray-Curtis distances (Figure 
S1, S2, supplementary results). 
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Does phylogenetic distance explain chemical profile divergence? 
Using whole-genome sequence data, we explored the degree to which variation 
between species can be explained by geographic and genetic distance among the 
samples. We carried out partial Mantel tests to investigate the correlation between two 
variables whilst controlling for a third variable. When controlling for geographic distance, 
genetic divergence is strongly correlated with both androconial and genital chemical 
divergence (partial Mantel test, androconia, r=0.7871, p=0.001; genitals, r=0.6936, 
p=0.001). When controlling for genetic distance, geographic distance is significantly but 
weakly correlated with androconial and genital chemical divergence (partial Mantel test, 
androconia, r=0.072, p=0.001; genitals, r=0.046, p=0.007).  
Do we find population-specific chemical compounds? 
We used an indicator analysis to search for compounds unique to specific 
populations of H. erato and H. melpomene. Most intraspecific differences are due to 
quantitative rather than qualitative differences between populations, perhaps explaining 
why many population indicators were weak as they are also found in other regions at 
different amounts (Table S11, S12). The only exception is H. e. cyrbia (Western Ecuador) 
that has many genital compounds unique to this region (Table S11).  
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Figure 4. Plots of androconial, genital and genetic distance between H. erato 
populations. A) NMDS (non-metric multidimensional scaling) plot illustrating in three 
dimensions the variation in androconial chemical compounds. Stress=0.174. B) NMDS plot 
illustrating in three dimensions the variation in genital chemical compounds. Stress=0.118. 
C) MDS plot illustrating in two dimensions the genetic distance between populations of H. 
erato. 
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Figure 5. Plots of androconial, genital and genetic distance between H. 
melpomene populations. A) NMDS (non-metric multidimensional scaling) plot illustrating 
in three dimensions the variation in androconial chemical compounds. Stress=0.151. B) 
NMDS plot illustrating in three dimensions the variation in genital chemical compounds. 
Stress=0.161. C) MDS plot illustrating in two dimensions the genetic distance between 
populations of H. melpomene. 
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What factors affect intraspecific variation in chemical profiles of H. 
erato and H. melpomene? 
We also wanted to determine the sources of variation within species using our 
broad sampling of populations across the ranges of H. erato and H. melpomene. For H. 
erato there was a strong grouping of individuals by region (Fig. 4), with 27% of variation in 
androconial profiles being explained by region and 11% by locality nested within region 
(PERMANOVA, Region F3,87=11.16, p<0.001, Locality F6,87=2.35, p<0.001). All four regions 
are significantly different from each other (Pairwise permutation MANOVAs, p<0.01). For 
H. erato genital compounds, 37% of variation is explained by region, and 11% by locality 
nested within region (PERMANOVA, Region F3,91=19.01, p<0.001, Locality F6,91=2.83, 
p<0.01). All four regions are significantly different from each other (Pairwise permutation 
MANOVAs, p<0.05). 
These geographic differences in chemical profiles are not as strong in H. 
melpomene (Fig. 5). For H. melpomene androconial compounds, the best model only 
includes region, not locality, with 18% of variation is explained by region (PERMANOVA, 
Region F3,86=6.73, p<0.01). The West Andes subspecies (H. m. cythera) is not significantly 
different from either East Andes (multiple populations) or Panama (H. m. rosina) 
(Pairwise permutation MANOVAs, p=0.072), however, the other comparisons are 
significantly different (Pairwise permutation MANOVAs, p<0.05). For H. melpomene 
genital compounds, 20% of variation is explained by region, and 12% by locality nested 
within region (PERMANOVA, Region F3,103=8.91, p<0.001, Locality F7,103=2.34, p<0.001). All 
regions are significantly different from each other (Pairwise permutation MANOVAs, 
p<0.05), apart from West Andes and Amazon (Pairwise permutation MANOVAs, p=0.120). 
Both species show variation between geographic locations, with more variance explained 
by region in H. erato than H. melpomene. These results were confirmed by ManyGLM 
tests (Tables S13, S14, S15, S16).  
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Does genetic distance explain chemical divergence in H. erato and H. 
melpomene? 
In H. erato, chemical distance is positively correlated with genetic distance, when 
accounting for geographic distance, although this correlation is weak for androconia 
(partial Mantel test, androconia, R=0.164, p=0.001; genitals, R=0.348, p=0.001).  When 
we account for genetic distance, geographic distance is weakly correlated with 
androconial chemical distance and not correlated with genital chemical distance (partial 
Mantel test, androconia, R=0.151, p=0.002; genitals, R=-0.0775, p=0.966). These results 
were consistent when the analysis was repeated without unknown compounds 
(supplementary results). 
Heliconius melpomene genitals show similar patterns to H. erato, but variation in 
the androconia is explained by geographic but not genetic distance. When accounting for 
geography, genetic divergence is not correlated with androconial chemical divergence, 
and only weakly with genital chemical divergence (partial Mantel test, androconia, 
R=0.02874, p=0.141, genitals, R=0.1203, p=0.001). When we first consider genetic 
distance, geographic distance is weakly positively correlated with androconial chemical 
distance, but not genital chemical distance (partial Mantel test, androconia, R=0.1795, 
p=0.002; genitals, R=-0.004, p=0.563).  
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Figure 6. NMDS (non-metric multidimensional scaling) plot illustrating in three 
dimensions the variation in chemical compounds of male Heliconius from Panama and 
Western Ecuador. H. erato and H. melpomene are co-mimics (circles), whilst H. cydno, H. 
eleuchia and H. sapho form a second co-mimicry group (triangles). A) Androconial 
chemical bouquets. Stress=0.098 B) Genital chemical bouquets. Stress=0.094. 
 
  
A Androconia B Genitals
H. erato
H. melpomene
H. cydno
H. eleuchia
H. sapho
 112 
Is there evidence for similarity between co-mimics in chemical profile? 
We investigated the effect of mimicry ring on chemical profile using individuals 
collected in Panama and western Ecuador from two mimicry rings (Fig. 6). Consistent with 
our interspecific analyses, we find that species is the main determinant of androconial 
and genital bouquets. H. sapho and H. eleuchia group closely in the NMDS visualisation, 
however, they are closely-related and so it is unclear whether this similarity is due to co-
mimicry or shared ancestry. Especially for the androconia, H. erato and H. melpomene 
seem to be more similar than we might expect given their phylogenetic distance.   
All the results described above show a consistent pattern when unidentified 
compounds were not included in the analysis (supplementary results). Interspecific 
analyses were also consistent when repeated without populations with a sample of fewer 
than 5 individuals (this removed 7 populations from androconial analysis and 5 from 
genital analysis) (supplementary results). 
Discussion 
Heliconius butterflies represent a continental-scale adaptive radiation (Kozak et 
al., 2015). Speciation in this group is often associated with divergence in wing colour 
pattern and pattern variation plays an important role in speciation and mate preference 
(Jiggins, 2008; Jiggins et al., 2001; Merrill et al., 2019, 2015, 2011; Sánchez et al., 2015). 
However, one of the surprising findings to emerge from comparative genomic analysis is 
the wealth of chemosensory genes (Heliconius Genome Consortium, 2012), suggesting 
that chemical signalling may play an important role in the biology of the system, such as 
host plant choice and mate choice. To begin to understand the role of chemical signalling 
in this radiation we have extensively surveyed both inter- and intraspecific variation of 
Heliconius’ androconial and genital chemical profiles across the Neotropics. We find that 
most of the variation in chemical profile across our samples is explained by species, and 
we identify key chemicals serving as indicators for each species. Nonetheless, there is also 
intraspecific variation in chemical profiles. This variation is mainly quantitative in nature, 
with the exception of H. erato cyrbia which has compounds not found in other H. erato 
populations. We also find tentative evidence that co-mimics exhibit convergence in their 
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chemical profiles, supporting an earlier hypothesis (Mann et al., 2017). Our work sets the 
stage for further research into the biology and function of chemical profiles, and their 
role in within and between-species signalling. 
 It would be challenging to conduct behavioural experiments on large numbers of 
species and populations, and therefore identifying the behaviourally active components 
in pheromone blends across a radiation is beyond the scope of a single study. Other 
studies have also attempted to predict male sex pheromones without behavioural data, 
by selecting based on multiple criteria such as male-specificity and abundance (Bacquet 
et al., 2015). This step-wise selection of candidates focuses on within-species 
characteristics such as abundance, without considering the presence of the compound in 
other species. We hypothesised that consistent species-specific compounds are likely to 
be biologically important. We present an alternative method to detect candidate 
pheromones by evaluating both the presence of a compound across the geographic range 
of a species as well as the presence of the compound in other species. This approach has 
multiple advantages, including simple mathematics and the ability to evaluate 
combinations of compounds as well as single compounds. In H. melpomene the 
compounds identified as indicators for androconia and genitals, octadecanal and (E)-β-
ocimene respectively, are both known to show electrophyisiological and behavioural 
activity (Byers et al., 2019; Schulz et al., 2008). Combining broad geographic sampling 
with indicator analysis therefore provides a promising approach to determine potential 
pheromone components in other species, which could be tested behaviourally. Our 
analyses have already identified a number of compounds that could now be tested 
functionally, such as the androconial compound geranylgeranylacetone in H. erato. 
Chemical profiles are predicted to be highly species-specific if they are involved in 
species recognition during mating. For instance orchid bee chemical blends, presumably 
important for mating and species recognition, show high species-specificity, as well as 
within-species variability, which can be partly explained by geography (Brand et al., 2019; 
Weber et al., 2016; Zimmermann et al., 2006). We see similar patterns in Heliconius, with 
greater interspecific than intraspecific differences in chemical profiles. The magnitude of 
intraspecific differences is smaller in Heliconius, likely due to the fact that orchid bees 
collect their blends from the environment (Eltz et al., 1999). In both cases, species 
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identity is the best predictor of chemical divergence, with geographic location able to 
explain some intraspecific differences. One exception to this is H. elevatus which does not 
group separately from its co-mimic H. melpomene for genital compounds, despite the fact 
that these species are not especially closely related in the Heliconius phylogeny. Further 
samples are needed to confirm that this result is not due to the small sample of H. 
elevatus in this study. As in orchid bees, species differences are often consistent across a 
large geographic range, suggesting that they could be important for reproductive 
isolation between species (Weber et al., 2016).  
We found a correlation between chemical distance and genetic distance. This 
suggests that neutral evolutionary forces are important in the evolution of chemical 
bouquets. The correlation between genital chemical distance and genetic distance is a 
much stronger correlation than previously reported (Estrada et al., 2011), possibly due to 
the quantitative nature of our data. The strong signal of neutrality suggests that the 
majority of compounds in the bouquets are neutrally evolving. For example, in the genital 
bouquet of H. melpomene, one compound, (E)-β-ocimene, can act by itself as an anti-
aphrodisiac, with other components of the bouquet thought to moderate its evaporation 
rate (Schulz et al., 2008). In the future, focusing on the evolutionary patterns of only 
compounds which exhibit behavioural or electrophysiological responses, rather than the 
entire bouquet, may disentangle the processes involved in the evolution of these profiles.  
Heliconius erato and H. melpomene both exhibit extensive colour pattern variation 
across their geographic range (Sheppard et al., 1985) and these populations also differ in 
their androconial and genital bouquets. Whilst traditionally predicted to be under 
stabilising selection, intraspecific variation between populations in chemical profiles has 
been documented in other Lepidoptera (Carde and Allison, 2016). Chemical divergence in 
putative male sex pheromones between populations of Bicyclus anynana is reported to 
be as large as differences between Bicyclus species, and is greater than predicted by 
genetic divergence (Bacquet et al., 2016). This is in contrast to what we find here, where 
interspecific differences are much greater than intraspecific ones.  
Interestingly, Heliconius erato cyrbia produces many unique genital compounds 
and is also the most genetically divergent H. erato population in our study, suggesting 
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that genetic drift is important for the evolution of chemical profiles in Heliconius. Across 
all H. erato populations we find a correlation between chemical distance and genetic 
distance, which is weaker for androconial bouquets.  In H. melpomene, genetic distance is 
also weakly correlated with genital chemical divergence. These correlations suggest that 
some of the geographic variation between populations could be neutral, with stochastic 
processes important for bouquet evolution in Heliconius. In contrast, androconial 
chemical variation in H. melpomene is better explained by geographic distance. This might 
imply that other evolutionary forces are important for chemical profile evolution in H. 
melpomene.  
One factor potentially involved in geographic variation is larval host plant use. 
Feeding on different host plants as larvae affects the production of some minor 
components of both androconial and genital chemical bouquets (Darragh et al., 2019a). 
The major components, however, are unaffected by larval host plant, suggesting that any 
dietary precursors required for compound production are present in different Passiflora 
species (Darragh et al., 2019a). In Panama, H. cydno and H. melpomene both feed on P. 
menispermifolia (Merrill et al., 2013), and yet have different chemical profiles, 
highlighting that from the same precursors different species can produce different 
compounds. Furthermore, it is often unclear which is the major Passiflora host plant of 
any particular Heliconius population. The distribution of Passiflora species varies 
geographically (Benson, 1978; Benson et al., 1975), and both host preference and level of 
host-specificity vary between populations of the same Heliconius species (Castro et al., 
2018). A greater understanding of the variation in larval diet of Heliconius across the 
Neotropics will help us understand how much geographic variation in chemical profile can 
be attributed to host plant use.    
Heliconius butterflies are an excellent example of visual mimicry, with different 
species converging on the same warning colour patterns (Merrill et al., 2015; Sheppard et 
al., 1985; Sherratt, 2008). It has been suggested that chemical compounds could also 
contribute to mimicry between species (Dettner and Liepert, 1994; Mann et al., 2017). In 
this study, we find tentative evidence that individuals within particular co-mimicry 
groups, such as H. melpomene and H. erato, have more similar chemical profiles than 
expected. Most known examples of chemical mimicry come from systems of deception, 
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for example, mimicry of ant alarm pheromones by rove beetles to avoid predation, rather 
than mimicry of aposematic warning signals (Dettner and Liepert, 1994; Stoeffler et al., 
2007; Vereecken and McNeil, 2010). We suggest that in Heliconius different components 
of the bouquet could be important for chemical mimicry and species recognition, 
reducing conflict between these selection pressures.  
Convergence of genital bouquets between co-mimics could be due to the anti-
aphrodisiac function of these compounds (Gilbert, 1976; Schulz et al., 2008). Anti-
aphrodisiac compounds are transferred from males to females during mating to deter 
future matings from other males. Convergence in wing pattern between co-mimics could 
result in harassment not only by conspecific but also heterospecific males (Estrada and 
Jiggins, 2008). The use of the same anti-aphrodisiac by co-mimics could combat 
interspecific attraction by deterring males of both species, as highlighted by the 
production of (E)-β-ocimene by H. erato and H. melpomene, as well as other Heliconius 
species (Estrada et al., 2011).  
Compounds could also play a role in predator deterrence. Genital compounds 
were originally suggested to form part of the anti-predation signal (Eltringham, 1925). We 
detected 2-sec-butyl-3-methoxypyrazine in the genitals of H. melpomene, H. cydno and H. 
timareta, and 2-isobutyl-3-methoxypyrazine in the genitals of H. melpomene and H. 
cydno, both compounds known to deter predators in the wood tiger moth (Burdfield-
Steel et al., 2018; Rojas et al., 2019, 2018, 2017). More generally, methoxypyrazines act 
as warning odours in other insects (e.g. Lepidoptera, Rothschild, Moore & Brown, 1984; 
fireflies, Vencl et al., 2016), effective against avian predators (Guilford et al., 1987). 
Further investigation will be required to determine if odours of Heliconius butterflies act 
as anti-predation signals.  
Overall, our study reveals strong species differences in bouquets and the presence 
of species-specific compounds, as well as intraspecific variation. A pattern of species-
specificity alongside intraspecific variation could be the result of a balance between 
stabilising selection towards a species stereotype, sexual selection promoting diversity, 
and geographic segregation alongside selection and drift. A challenge for the field is the 
feasibility of testing for the biological relevance of hundreds of compounds in many 
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species, but we hope that our innovative analysis will stimulate not only further targeted 
functional studies of putatively important compounds, but also large chemical profile 
surveys in other study systems of evolutionary interest. 
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Supplementary Information 
Does removing unidentified compounds or poorly sampled populations 
affect models of interspecific variation in chemical profiles? 
We repeated the interspecific analysis without unidentified compounds. When 
repeated without unidentified compounds, species still significantly differ in their 
androconial bouquet, with species identity accounting for 60% of the overall variation in 
chemical profiles (PERMANOVA, Species, F6,251=77.33, p<0.001). A further 4% of variation 
can be explained by region (Amazon/Eastern Andes/Western Andes/Panama), and 3% by 
locality nested within region (PERMANOVA, Region, F3,251=9.96, p<0.001; 
(Region/Locality), F8,251=2.49, p<0.001). Finally, 4% of variation is explained by an 
interaction between species and region (PERMANOVA, Species*Region F6,251=4.77, 
p<0.001;). Results were also similar for genital bouquets, with species identity still 
explaining the highest amount of variation, accounting for 44% of the variation in 
chemical profiles (PERMANOVA, Species, F6,274=45.44, p<0.001). A further 6% of variation 
can be explained by region (Amazon/Eastern Andes/Western Andes/Panama), and 4% by 
locality nested within region (PERMANOVA, Region, F3,274=12.74, p<0.001; 
(Region/Locality), F8,274=2.85, p<0.001). Finally, 6% of variation is explained by an 
interaction between species and region (PERMANOVA, Species*Region F6,274=6.32, 
p<0.001).  
We also repeated the interspecific analyses removing populations with fewer than 
5 individuals. Again, similar to removing unidentified compounds, and the full dataset, 
species identity accounts for 58% of overall variation in chemical profiles, with a further 
5% explained by region, 3% by locality nested within region, and 4% by an interaction 
between species and region ( PERMANOVA, Species, F5,227=78.26, p<0.001; Region, 
F3,227=10.19, p<0.001; (Region/Locality), F7,227=2.98, p<0.001; Species*Region F4,227=6.92, 
p<0.001;). Results were also consistent for genital bouquets, with species identity still 
explaining the highest amount of variation, accounting for 51% of the variation in 
chemical profiles, with a further 5% explained by region, 4% by locality nested within 
region, and 5% by an interaction between species and region (PERMANOVA, Species, 
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F5,255=69.49, p<0.001; Region, F3,255=12.37, p<0.001; (Region/Locality), F8,255=3.05, 
p<0.001; Species*Region F4,255=9.13, p<0.001).  
Does removing unidentified compounds or poorly sampled populations 
affect correlations between divergence in chemical profile with genetic and 
geographic distance? 
Correlations with genetic and geographic distances were also consistent with 
results including all compounds. When controlling for geographic distance, genetic 
divergence is strongly correlated with both androconial and genital chemical divergence 
(Mantel test, androconia, r=0.7897, p=0.001; genitals, r=0.5203, p=0.001). When 
controlling for genetic distance, geographic distance is significantly but weakly correlated 
with chemical divergence (Mantel test, androconia, r=0.06739, p=0.002; genitals, r=0.059, 
p=0.003). 
Removing populations with fewer than 5 individuals also gave consistent results. 
When controlling for geographic distance, genetic and chemical divergence remain 
strongly correlated (Mantel test, androconia, r=0.7978, p=0.001; genitals, r=0.71, 
p=0.001). Again, when controlling for genetic distance, geographic distance is significantly 
but weakly correlated with androconial and genital chemical divergence (partial Mantel 
test, androconia, r=0.082, p=0.001; genitals, r=0.0439, p=0.006).  
Does removing unidentified compounds affect models of intraspecific 
variation in chemical profiles? 
Individuals of H. erato still strongly group by region when unidentified compounds 
are removed from the analysis, with 27% of variation in androconial profiles being 
explained by region and 11% by locality nested within region (PERMANOVA, Region 
F3,87=11.49, p<0.001, Locality F6,87=2.30, p<0.001). Again, this is similar for H. erato genital 
compounds. Region explains 35% of variation, and 8% is explained by locality nested 
within region (PERMANOVA, Region F3,91=16.76, p<0.001, Locality F6,91=1.98, p<0.01).  
Again, we found consistent results without unidentified compounds for H. 
melpomene. The same amount of variation was explained in models with and without 
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unidentified compounds included, with region explaining 18% of variation in androconial 
compounds (PERMANOVA, Region F3,86=6.05, p<0.01). For H. melpomene genital 
compounds, 20% of variation is explained by region, 12% by locality nested within region, 
as in models with all compounds included (PERMANOVA, Region F3,103=9.05, p<0.001, 
Locality F7,103=2.34, p<0.001).  
Does removing unidentified compounds affect correlations between 
intraspecific chemical divergence with genetic and geographic distance? 
Results were again very similar without unidentified compounds included in the 
analysis. In H. erato both androconial and genital chemical distance are positively 
correlated with genetic distance, even when accounting for geographic distance (partial 
Mantel test, androconia, R=0.148, p=0.001; genitals, R=0.280, p=0.001).  When 
unidentified compounds are removed, we still find a weak positive correlation between 
geographic distance and androconial, but not genital distance, accounting for genetic 
distance (partial Mantel test, androconia, R=0.155, p=0.002; genitals, R=-0.0171, 
p=0.656).  
For H. melpomene, genital bouquet divergence, but not androconial bouquet 
divergence, is correlated with genetic distance when accounting for geography (partial 
Mantel test, androconia, R=0.02602, p=0.169, genitals, R=0.112, p=0.001). When we first 
consider genetic distance, geographic distance is not positively correlated with genital 
chemical distance, however, it is positively correlated with androconial chemical distance 
(partial Mantel test, androconia, R=0.1729, p=0.002; genitals, R=0.003, p=0.439). These 
results are consistent with tests including all compounds.  
Comparison of within and between spcies and locality Bray-Curtis 
distances 
We compared within and between species and locality Bray-Curtis distances. We 
focused on H. erato and H. melpomene, as these species were collected in the most 
localities. We calculated a Bray-Curtis distance matrix and then used the function 
“dist_groups” from the package usedist to calculate distances between individuals of 
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different groups (Bittinger, 2017). We add statistical comparisons to the violin plots using 
the function “stat_compare_means” from the package ggpubr (Kassambara, 2019). For 
both androconia and genitals, the mean chemical distance between individuals is greater 
between species (androconia, 0.971; genitals, 0.915) than within species (androconia, 
0.554; genitals, 0.573). The mean chemical distance between individuals is also greater 
between localities (androconia, 0.564; genitals, 0.584) than within localities (androconia, 
0.457; genitals, 0.466). However, the magnitude of this difference is much smaller, 
confirming the PERMANOVA and ManyGLM analyses that most variation is explained by 
species and not geographic location.   
 
 
Figure S1. Pairwise androconial Bray-Curtis distances between individuals of H. 
erato and H. melpomene A) between and within species and B) between and within 
localities of the same species.  C) NMDS (non-metric multidimensional scaling) plot 
illustrating the variation in androconial chemical compounds of male H. erato and H. 
melpomene from different localities.  
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Figure S2. Pairwise genital Bray-Curtis distances between individuals of H. erato 
and H. melpomene A) between and within species and B) between and within localities of 
the same species.  C) NMDS (non-metric multidimensional scaling) plot illustrating the 
variation in genital chemical compounds of male H. erato and H. melpomene from 
different localities. 
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Table S1: Number of androconial and genital samples collected for each locality 
Locality Species No. androconial samples No. genital samples 
Panama H. cydno 12 12 
Panama H. erato 7 9 
Panama H. melpomene 9 10 
Panama H. sapho 12 11 
Colombia (highlands) H. erato  10 9 
Colombia (highlands) H. melpomene  13 14 
Colombia (highlands) H. timareta 7 8 
Colombia (lowlands) H. erato  12 13 
Colombia (lowlands) H. melpomene 7 8 
Ecuador (east) H. elevatus 2 2 
Ecuador (east) H. erato 10 11 
Ecuador (east) H. melpomene 11 13 
Ecuador (east) H. timareta 2 3 
Ecuador (west) H. cydno 12 12 
Ecuador (west) H. eleuchia 9 8 
Ecuador (west) H. erato 12 13 
Ecuador (west) H. melpomene  11 12 
Ecuador (west) H. sapho 2 2 
Peru (central) H. erato 7 6 
Peru (central) H. melpomene 3 4 
Peru (south) H. erato 9 9 
Peru (south) H. melpomene 3 3 
Brazil (Coastal Para) H. melpomene 8 8 
Brazil (Mato Grosso) H. erato 12 12 
Brazil (Mato Grosso) H. melpomene 10 15 
Brazil (North Para) H. erato 5 6 
Brazil (North Para) H. melpomene 13 15 
Brazil (South Para) H. elevatus 2 2 
Brazil (South Para) H. erato 4 5 
Brazil (South Para) H. melpomene 3 6 
Brazil (Rondonia) H. elevatus 3 3 
Brazil (Rondonia) H. erato 10 11 
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Table S2: Genome samples of H. erato and H. melpomene races including number 
of androconial (A) and genital (G) samples included in analysis for each race. All samples 
were males. Newly sequenced individuals are denoted with a star next to their ID. More 
information on individuals can be found on the public database https://heliconius.ecdb.io/ 
Locality Taxon name A G ID Lat. Lon. 
Colombia 
(highlands) 
H. m. bellula 13 14 CAM040049* 1.217 
 
-76.683 
 
Colombia (lowlands) H. m. malleti 7 8 CS002311 
 
1.814 -75.669 
Ecuador (east) H. m. malleti 11 13 CAM016540 
 
-1.061 -77.668 
Ecuador (west) H. m. cythera 11 12 14N015* 0.185 -78.853 
Brazil (Mato Grosso) H. m. burchelli 3 5 SR281* -13.814 
 
-56.404 
 
Brazil (Coastal Para) H. m. 
intersectus 
1 1 KK291* -1.070 -46.745 
Brazil (South Para) H. m. madeira 2 5 SR391* -4.066 
 
-54.847 
 
Brazil (North Para) H. m. 
melpomene 
13 15 SR178* -1.937 
 
-54.626 
 
Brazil (Mato Grosso) H. m. penelope 4 7 SR358* -13.691 
 
-57.706 
 
Brazil (Coastal Para) H. m. thelxiope 7 7 KK288* -1.070 -46.745 
Peru (south) H. m. schunkei 3 3 KK544* -13.204 
 
-70.768 
 
Peru (central) H. m. xenoclea 3 4 KK309* -11.0354 
 
-75.407 
 
Panama H. m. rosina 9 10 CAM001841 9.076 -79.659 
Colombia 
(highlands) 
H. e. dignus 10 9 CAM040113* 1.214 -76.690 
Colombia (lowlands) H. e. lativitta 12 13 CAM040160* 0.956 -76.409 
Ecuador (west) H. e. cyrbia 12 13 CAM040545* 0.151 -78.770 
Ecuador (east) H. e. lativitta 10 11 CAM041030* -1.059 -77.702 
Brazil (South Para) H. e. amazona 4 5 SR122* -4.066 -54.847 
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Brazil (Mato Grosso) H. e. phyllis 10 8 SR230* -10.891 
 
-55.440 
 
Brazil (Rondonia) H. e. venustus 9 10 SR314* -12.806 
 
-60.297 
 
Peru (south) H. e. amphitrite 9 9 KK464* -12.955 
 
-72.656 
 
Peru (central) H. e. emma 1 1 KK402* -10.298 -74.935 
 
Peru (central) H. e. microclea 4 4 KK338* -11.055 
 
-75.419 
 
Panama H. e. 
demophoon 
7 9 Pet_ED3 
 
-9.129 79.715 
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Table S3. Model selection table for PERMANOVA models based on AIC scores. If 
two models were within two AIC points of each other, we chose the simpler model as the 
most parsimonious. Best fit models are highlighted in bold.  
 
Model Residual Sum of 
Squares 
DF AIC 
Interspecific androconia    
Chemical profile ~ Species + Region + 
(Region/Locality) + Species*Region + 
Species*(Region/Locality) 
26.436 31 889.2356 
Chemical profile ~ Species + Region + 
(Region/Locality) + Species*Region  
28.185 23 889.3774 
Chemical profile ~ Species + Region + 
(Region/Locality)  
31.760 17 907.4649 
Chemical profile ~ Species + Region  34.377 9 911.4244 
Chemical profile ~ Species 
 
38.07 6 931.1351 
Interspecific genitals    
Chemical profile ~ Species + Region + 
(Region/Locality) + Species*Region + 
Species*(Region/Locality) 
31.887 31 1016.104 
Chemical profile ~ Species + Region + 
(Region/Locality) + Species*Region  
33.748 23 1015.703 
Chemical profile ~ Species + Region + 
(Region/Locality)  
39.008 17 1043.535 
Chemical profile ~ Species + Region  42.151 9 1048.847 
Chemical profile ~ Species 
 
47.165 6 1073.751 
H. erato androconia    
Chemical profile ~ Region + (Region/Locality)  8.79 9 211.2867 
Chemical profile ~ Region  
 
10.3793 3 213.9033 
H. erato genitals    
Chemical profile ~ Region + (Region/Locality)  9.1105 9 223.2669 
Chemical profile ~ Region  
 
10.9982 3 228.5917 
H. melpomene androconia    
Chemical profile ~ Region + (Region/Locality)  9.8523 11 223.0307 
Chemical profile ~ Region  
 
11.7698 3 222.502 
H. melpomene genitals    
Chemical profile ~ Region + (Region/Locality)  12.3471 10 283.3958 
Chemical profile ~ Region  14.5178 3 286.2391 
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Table S4. Analysis of deviance model selection table for multivariate generalised 
linear models based on likelihood ratio tests. Each model is compared to the model above 
it. Best fit models are highlighted in bold.  
 
 
 
 
Model DDeviance Residual 
DF 
p-value 
Interspecific androconia    
Chemical profile ~ Species + Region + (Region/Locality) + 
Species*Region + Species*(Region/Locality) 
 220  
Chemical profile ~ Species + Region + (Region/Locality) + 
Species*Region  
 
-740.7 228 0.001 
Interspecific genitals    
Chemical profile ~ Species + Region + (Region/Locality) + 
Species*Region + Species*(Region/Locality) 
 243  
Chemical profile ~ Species + Region + (Region/Locality) + 
Species*Region  
-1854 251 0.063 
Chemical profile ~ Species + Region + (Region/Locality) -2787 257 0.134 
Chemical profile ~ Species + Region  
 
-6481 265 0.026 
H. erato androconia    
Chemical profile ~ Region + (Region/Locality)   78  
Chemical profile ~ Region  
 
-1091 84 0.001 
H. erato genitals    
Chemical profile ~ Region + (Region/Locality)   82  
Chemical profile ~ Region  
 
-2721 88 0.001 
H. melpomene androconia    
Chemical profile ~ Region + (Region/Locality)   75  
Chemical profile ~ Region  
 
-1582 83 0.001 
H. melpomene genitals    
Chemical profile ~ Region + (Region/Locality)   93  
Chemical profile ~ Region  -1777 100 0.001 
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Table S5: Androconial compounds identified in at least half of all individuals from 
any population. The Kovats gas chromatographic retention index (RI) is reported for each 
compound. Mean amounts (ng) in H. cydno (CYD), H. eleuchia (ELEU), H. elevatus (ELEV), 
H. erato (ERAT), H. melpomene (MEL), H. sapho (SAPH), H. timareta (TIM).  
Compound RI CYD ELEU ELEV ERAT MEL SAPH TIM 
Unknown  1018 0.00 0.00 0.00 0.63 0.37 0.00 0.00 
(Z)-β-Ocimene 1030 0.00 0.00 123.97 0.24 40.92 0.00 0.00 
Phenylacetaldehyde 1036 1.03 0.26 0.00 0.07 0.02 0.00 1.30 
Acetophenone 1065 0.00 0.00 0.00 0.06 0.00 0.00 0.00 
cis-Linalool oxide 1082 0.88 0.00 3.71 0.00 0.00 0.00 0.00 
o-Guaiacol 1090 0.08 0.00 0.00 0.00 0.39 0.03 0.22 
Nonanal 1105 3.45 0.75 3.91 2.87 21.05 1.02 15.41 
3E,5E-2,6-Dimethyl-1,3,5,7-octatraen 1120 0.00 0.00 0.59 0.00 0.23 0.00 0.00 
Phenylacetonitrile 1139 6.88 0.00 0.86 0.08 0.00 0.00 8.49 
Unknown  1145 0.00 0.00 0.00 0.89 0.00 0.00 0.00 
Benzyl acetate 1165 0.00 0.00 0.00 0.61 0.19 0.10 0.00 
Napthalene 1175 6.04 1.20 8.29 3.45 4.66 1.87 0.38 
Unknown  1184 0.00 0.00 0.00 3.19 0.00 0.00 0.00 
Unknown  1188 0.04 0.00 0.00 8.80 1.17 0.32 0.00 
Methyl Salicylate 1189 9.72 2.99 12.43 2.62 2.82 1.58 0.74 
Decanal 1198 0.12 0.00 0.00 0.00 0.84 0.16 0.00 
4-Vinylphenol 1215 0.00 13.98 0.00 0.00 0.00 2.71 0.00 
Benzothiazole 1215 0.00 0.00 0.00 0.01 0.13 0.00 0.00 
Unknown  1236 0.00 0.00 0.00 0.05 0.03 0.00 7.28 
Unknown  1268 1.47 0.00 0.00 0.01 0.54 0.00 0.00 
Nonanoic acid 1269 0.00 0.00 0.24 0.02 1.24 0.00 0.00 
3-Undecanone 1275 0.00 0.00 0.00 13.79 0.00 0.00 0.08 
1-Tridecene 1290 0.00 0.00 0.00 4.26 0.00 0.00 0.00 
Indole 1295 0.00 0.00 0.04 0.00 0.19 0.00 0.00 
Unknown aromatic 1299 0.00 0.00 0.72 0.43 0.00 0.00 0.15 
Unknown  1353 0.00 0.00 0.00 0.06 0.18 0.00 1.52 
Glycerol ester  1356 0.20 0.00 0.00 0.87 0.53 0.47 102.62 
Unknown  1366 0.04 0.00 0.00 0.22 0.14 0.00 0.68 
1,3-Dimethyluracil 1371 0.00 0.00 0.37 0.40 0.05 0.03 0.00 
Unknown 1371 0.13 0.00 0.00 0.06 0.02 0.00 4.47 
Unknown alkene 1382 0.00 0.00 0.00 0.97 0.00 0.00 0.00 
Unknown ester 1392 0.00 8.58 0.00 0.00 0.00 7.27 0.00 
Butanoic acid ester 1394 0.00 0.16 0.00 1.16 0.00 0.60 0.00 
Unknown 1396 0.06 0.00 0.00 10.72 0.07 0.00 0.00 
Unknown 1424 0.00 0.00 0.00 1.10 0.00 0.00 0.00 
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2-Methoxy-4-propylphenol 1436 0.00 0.00 24.40 0.00 0.02 0.00 0.00 
Unknown 1444 0.44 0.00 0.00 1.79 0.04 0.00 0.88 
Unknown 1445 0.10 0.00 0.00 0.00 0.68 0.69 0.08 
Unknown 1483 0.00 0.00 0.00 0.00 0.00 0.00 1.34 
5-Decanolide 1493 0.00 0.00 0.00 0.00 0.00 0.00 22.31 
Methyl 4-hydroxy- methoxybenzoate 1517 0.00 0.00 0.00 1.35 0.12 66.11 0.00 
Unknown aromatic 1519 0.00 0.00 0.00 0.00 2.87 0.00 0.00 
Unknown aromatic 1519 0.07 0.00 0.00 0.00 2.98 0.00 0.00 
d-Cadinene 1522 0.00 0.00 0.00 1.81 0.06 0.00 0.00 
Homovanillyl alcohol 1523 0.04 0.00 695.61 0.74 4.02 0.00 3.23 
Dihydroactinidiolide 1532 8.57 0.48 0.00 44.91 22.69 5.88 28.55 
Calacorene 1540 0.00 0.00 0.21 0.04 0.04 0.00 0.00 
Mellein 1540 0.00 44.75 89.60 179.38 27.21 14.19 0.00 
Unknown aromatic 1563 0.73 0.00 0.31 0.00 0.20 0.08 0.00 
Unknown 1571 0.00 0.00 0.00 0.00 0.33 0.00 0.00 
Unknown alkene 1581 0.00 0.00 0.00 0.68 0.00 0.00 0.00 
Methyl 3,4- dimethoxybenzoate 1582 0.00 0.00 0.00 0.00 4.74 0.00 0.00 
Unknown 1638 0.00 0.00 0.00 0.01 1.18 0.00 2.40 
Unknown 1639 0.00 0.00 1.18 0.76 0.42 0.15 1.83 
d-Cadinol 1644 0.34 0.00 0.00 157.03 0.09 0.00 0.00 
Unknown 1649 0.00 0.00 0.00 0.00 0.25 0.00 0.00 
Syringaldehyde 1661 937.77 0.00 574.45 0.30 488.42 183.68 1043.19 
Heptadecene 1679 0.00 0.00 0.46 0.57 0.23 0.00 0.00 
Unknown 1704 0.00 0.00 0.00 2.30 0.00 0.00 0.00 
3,5-Dimethoxy-4- hydroxybenzyl alcohol 1707 4.93 0.00 1.91 0.01 14.08 9.31 52.82 
Unknown 1714 0.00 0.00 0.00 3.97 0.00 0.00 0.00 
1-(3,5-Dimethoxy-4-hydroxybenzyl) ethanone 1735 0.79 0.00 1.59 0.00 1.42 0.00 0.54 
Unknown aromatic 1738 0.00 0.00 0.00 0.00 0.85 0.00 0.00 
Unknown hydrocarbon 1750 1.62 1.12 3.38 3.86 2.60 2.59 4.37 
1H-Indol-3-ethanol 1754 0.00 0.00 0.21 0.00 0.90 0.00 0.00 
Unknown aromatic 1757 0.00 0.00 0.00 0.00 0.45 0.00 0.00 
Ethyl benzoate 1762 0.42 0.00 1.69 0.90 0.45 1.38 0.73 
Benzyl benzoate 1766 0.00 0.00 0.00 0.00 0.32 0.10 0.00 
Unknown 1766 0.00 0.13 0.00 0.00 0.52 0.00 0.00 
Unknown 1771 0.00 0.00 0.70 0.17 0.13 0.03 0.00 
Unknown 1780 0.00 0.00 0.00 0.25 0.00 0.00 0.00 
Unknown aromatic 1797 0.00 0.00 0.00 0.00 0.21 0.06 2.87 
Octadecane 1800 0.02 0.00 2.94 1.06 0.80 0.03 0.00 
Hexadecadien-15-olide 1807 0.00 0.00 0.00 54.93 0.00 0.00 0.00 
Unknown aromatic sulfur  1807 0.65 0.00 0.20 0.01 2.05 0.00 0.10 
Hexadecanal 1815 0.00 0.00 0.00 2.32 0.55 0.00 0.00 
Methyl 1H-indol-3-acetate 1822 0.00 0.00 0.00 0.00 1.44 0.00 0.34 
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Neophytadiene  1836 0.00 399.37 0.00 0.00 0.00 24.48 0.00 
Unknown 1841 0.13 0.00 0.00 0.04 0.00 0.00 2.93 
Hexahydrofarnesylacetone 1843 0.00 813.34 0.00 0.00 0.00 177.49 0.00 
Methyl 1H-indol-3-carboxylate 1853 0.00 0.00 5.54 0.03 1.49 0.00 1.56 
Neophytadiene  1861 0.00 102.95 0.00 0.00 0.00 7.06 0.00 
Benzyl salicylate 1870 0.23 20.44 5.48 0.18 4.92 51.30 0.00 
Unknown branched alcohol 1873 0.00 0.00 0.00 0.00 1.29 0.00 0.00 
Nonadecene 1877 0.00 0.00 0.51 0.52 0.21 0.00 0.00 
Neophytadiene  1878 0.00 163.30 0.00 0.00 0.00 8.71 0.00 
1-Hexadecanol 1884 0.00 0.00 1.15 479.25 2.53 0.00 0.00 
Nonadecane 1899 7.34 0.00 11.06 0.43 0.23 0.00 0.00 
Unknown 1915 0.05 0.00 3.35 1.73 1.11 0.99 0.00 
Heptadecanal 1918 0.00 1.61 0.00 0.00 3.70 0.00 0.00 
Hexadecanoic acid 1960 1.28 0.49 52.75 0.81 0.76 0.00 0.00 
Unknown hydrocarbon 1962 0.00 0.00 0.54 0.58 0.24 0.71 0.00 
Unknown 1962 0.21 0.26 0.55 0.73 0.16 0.58 0.76 
Unknown 1970 2.95 0.00 0.00 0.00 0.00 0.00 0.00 
Unknown 1979 0.00 0.00 0.00 0.79 2.03 0.00 0.00 
(Z)-9-Octadecenal 1990 0.51 0.00 0.00 0.00 143.53 0.00 0.00 
Hexadecylacetate 1991 0.00 0.00 0.00 4.79 0.00 0.00 0.00 
Icosane 2000 15.52 0.00 37.08 0.09 0.20 0.00 0.00 
Octadecanal 2013 0.68 0.00 0.00 0.34 3703.41 12.65 5.88 
Isopropyl Palmitate 2020 6.55 2.28 0.00 0.11 0.00 0.00 0.00 
Unknown 2036 1.12 0.00 0.00 0.00 0.00 0.00 0.00 
9-Octadecen-1-ol 2042 0.00 0.00 0.00 0.00 38.95 0.00 0.00 
Unknown macrolide 2045 0.00 0.00 0.00 1.17 0.00 0.00 0.00 
Unknown 2047 1.13 0.00 0.00 0.00 0.00 0.00 0.00 
Nonadecanal (methyl, branched) 2054 0.00 0.00 0.00 0.00 22.87 0.00 0.00 
Ethyl 4-hydroxy-3,5- dimethoxybenzoate 2057 1.54 0.00 3.48 0.10 12.00 0.00 1.37 
Methyloctadecanal 2064 0.00 0.00 0.00 0.00 45.62 0.00 0.00 
Henicosene 2068 1.02 0.00 2.97 0.95 0.00 0.00 0.00 
Henicosene 2072 0.55 0.00 4.00 1.65 0.00 0.00 0.00 
Methyloctadecanal 2072 0.00 0.00 0.00 0.00 20.58 0.00 0.00 
Methyloctadecanal 2077 0.00 0.00 0.00 0.00 152.20 0.00 0.00 
1-Octadecanol 2083 0.00 0.00 2.20 39.87 1189.47 4.59 0.42 
Henicosene 2086 0.40 0.00 8.14 0.86 0.10 0.00 0.00 
(Z)-16-Methyl- 2092 0.00 0.00 0.00 0.00 31.95 0.00 0.00 
9-octadecenol         
Henicosane 2100 2543.56 0.39 4554.83 0.71 181.97 1.02 141.39 
Unknown 2110 12.18 0.00 0.00 0.00 0.00 0.00 0.00 
(E)-Phytol 2112 0.00 1071.10 0.00 0.00 0.00 680.94 0.00 
Unknown 2112 0.00 0.00 0.00 0.00 15.88 0.65 0.00 
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Unknown alkene/alcohol 2127 0.00 0.00 0.00 0.00 68.88 0.00 0.00 
Unknown aromatic 2130 2.83 0.00 0.00 0.00 0.00 0.00 0.00 
Unknown 2133 0.00 0.00 0.00 0.00 97.03 0.00 0.00 
Unknown amide 2134 0.12 0.00 0.74 0.13 0.10 0.00 0.00 
Methyloctadecan-1-ol 2138 0.00 0.00 0.00 0.00 32.53 0.00 0.00 
Phytenal 2141 0.00 5.17 0.00 0.00 0.00 4.56 0.00 
Unknown amide 2157 0.12 0.21 1.28 0.32 0.39 0.00 0.00 
Unknown 2160 0.00 0.00 0.46 0.14 0.17 0.00 0.00 
Ethyl oleate 2160 0.00 0.00 0.00 0.00 3.01 0.00 0.00 
Unknown 2165 0.75 30.24 0.00 0.05 0.00 0.00 0.00 
Unknown 2180 0.19 0.00 0.00 0.00 0.00 0.00 0.00 
Unknown 2189 0.00 0.00 0.32 0.38 0.23 0.00 0.00 
(Z)-11-Icosenal 2192 4.47 0.00 0.38 0.00 311.60 0.00 0.00 
Docosane 2200 12.47 0.00 48.09 1.85 2.83 0.20 0.58 
Unknown 2215 0.00 0.00 2.72 0.00 1.85 0.22 0.00 
Phytol 2217 0.00 10.72 0.00 0.00 0.00 1.98 0.00 
Icosenol 2255 20.19 0.00 7.95 0.00 174.52 0.11 6.54 
17-Methyloctadecylacetate 2271 0.00 0.00 0.00 0.00 2.71 0.00 0.00 
Tricosene 2276 1.56 0.00 3.66 0.39 18.96 0.00 0.00 
Unknown 2277 0.00 0.00 0.38 0.61 0.72 0.00 0.00 
Icosanal 2283 0.00 0.00 0.00 0.01 118.07 6.57 0.00 
Tricosane 2300 73.71 1.46 243.92 5.94 13.71 0.15 1.27 
Unknown 2310 0.00 0.00 0.00 19.66 0.00 0.00 0.00 
11-Icosenol 2314 0.00 0.00 0.00 0.00 1.86 0.00 0.00 
Unknown fatty acid amide 2325 0.98 0.89 1.20 1.04 0.57 1.35 0.70 
Unknown 2346 0.00 0.19 0.14 0.12 0.24 0.30 0.00 
Unknown amide 2347 4.61 0.00 60.92 28.34 29.68 0.00 0.00 
Unknown terpene 2351 0.00 0.00 0.00 28.82 0.00 0.00 0.00 
Unknown 2353 5.58 4.99 7.90 4.72 8.51 3.96 6.57 
Unknown 2354 0.00 0.00 0.00 1.68 0.00 0.00 0.00 
Unknown amide 2363 0.00 0.00 0.18 0.17 0.24 0.00 0.00 
Geranylgeranylacetone 2382 0.00 0.00 0.00 304.07 0.00 0.00 0.00 
(Z)-13-Docosenal 2396 0.39 0.00 0.00 0.00 87.58 0.00 0.00 
Tetracosane 2400 0.30 0.32 13.32 12.99 5.22 0.00 7.02 
19-Methylicosylacetate 2422 0.00 37.61 0.00 3.20 4.25 2.37 0.00 
(Z)-13-Docosen-1-ol 2464 0.00 0.00 0.00 0.88 18.48 1.68 0.00 
Unknown 2490 0.00 0.00 0.58 0.39 0.03 0.00 0.00 
Pentacosane 2500 4.39 16.62 44.57 30.48 13.06 4.49 12.00 
11-Methylpentacosane 2532 0.00 2.12 70.91 0.00 0.88 0.18 0.00 
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Table S6: Genital compounds identified in at least half of all individuals from any 
population. The Kovats gas chromatographic retention index (RI) is reported for each 
compound. Mean amounts (ng) in H. cydno (CYD), H. eleuchia (ELEU), H. elevatus (ELEV), 
H. erato (ERAT), H. melpomene (MEL), H. sapho (SAPH), H. timareta (TIM). 
Compound RI CYD ELEU ELEV ERAT MEL SAPH TIM 
Benzaldehyde 961 2.30 0.00 0.00 0.54 0.00 0.00 4.33 
β-Myrcene 990 0.00 0.00 5.96 0.00 9.32 0.00 0.00 
Unknown 1018 0.00 0.00 0.43 0.33 0.38 589.07 0.00 
Limonene 1024 0.00 0.00 0.00 3.95 0.02 0.00 0.00 
(Z)-β-Ocimene 1030 5.21 21.55 30.71 54.25 47.61 13.01 0.00 
Phenylacetaldehyde 1036 0.81 0.00 0.00 0.85 0.00 0.00 0.26 
(E)-β-Ocimene 1054 4.30 232.69 16663.34 2556.24 22841.08 26.96 47.32 
Unknown 1076 0.00 0.00 0.00 145.11 0.00 0.00 0.00 
o-Guaiacol 1090 1.95 0.13 0.00 0.13 0.15 0.00 0.00 
Nonanal 1099 0.00 0.00 0.00 0.25 0.13 0.00 0.62 
Phenylethanol 1109 0.02 0.00 0.00 2.92 0.00 0.00 0.00 
(3E,5E)-2,6-Dimethyl-
1,3,5,7-octatetraene 1120 0.00 0.00 6.89 0.72 3.53 0.00 0.00 
Alloocimene 1129 0.00 0.00 4.03 0.13 15.00 0.00 0.00 
Benzyl cyanide 1139 2078.02 0.00 0.00 210.30 0.00 0.00 518.81 
(4E,6Z)-2,6-Dimethyl-2,4,6-
octatriene 1140 0.00 0.00 0.00 0.02 8.36 0.00 0.00 
Pentyl/isopentyl 3-
methylbutyrate & other 
unknown  1145 0.00 0.00 0.00 0.54 0.00 0.00 0.00 
Benzyl acetate 1165 0.00 0.00 0.00 0.37 0.00 0.32 0.00 
2-sec-Butyl-3-
methoxypyrazine 1174 18.39 0.00 0.00 0.00 6.29 0.00 235.01 
Unknown 1174 0.00 0.00 1.69 10.38 0.11 0.00 0.00 
Naphthalene 1175 0.93 3.39 9.75 4.10 5.46 1.35 0.00 
2-Methoxy-3-
isobutylpyrazine 1181 32.99 0.00 0.00 0.00 4.09 0.00 0.00 
Unknown 1184 2.40 0.00 0.84 0.00 3.26 6.87 0.00 
Unknown 1185 0.75 0.00 10.05 0.00 5.74 0.00 0.00 
Unknown ester 1188 0.00 0.00 0.00 4.65 0.09 1.29 0.00 
Methyl salicylate 1189 1.01 1.74 5.90 1.52 0.33 3.60 0.09 
Unknown 1198 0.00 0.00 71.27 0.34 2.13 0.00 0.00 
β-Cyclocitral 1217 0.00 0.00 0.00 8.04 0.18 0.00 0.00 
(Z)-3-Hexenyl isobutyrate 1237 459.58 8.88 0.00 84.10 0.18 219.32 0.00 
Hexyl-3-methyl butyrate 1241 1501.33 0.00 0.00 138.19 0.24 0.24 0.00 
Phenylacetaldhyde oxime 1261 2.81 0.00 0.00 1.74 0.00 0.00 0.23 
Unknown 1265 0.00 40.65 0.00 0.05 0.00 11.32 0.00 
Unknown 1271 4.29 0.00 0.00 1.07 0.00 0.00 0.00 
3-Undecanone 1275 0.00 0.00 0.00 5212.91 1.08 0.00 0.00 
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1-Tridecene 1286 0.00 0.00 0.00 38.85 0.00 0.00 0.00 
Dihydroedulan II 1290 58.67 37.69 27.07 48.53 62.82 70.79 13.38 
Unknown aromatic 1299 15.95 0.00 0.00 590.01 0.06 0.00 0.00 
Unknown 1312 2.81 0.00 0.00 62.16 0.04 6.19 0.00 
Hexyl 3-methyl-2-
butenoate 1321 8.64 0.00 0.00 7.17 0.00 0.00 0.00 
Unknown 1324 0.00 0.00 0.00 0.68 0.00 2.11 0.00 
Unknown 1337 0.00 0.00 0.00 11.25 0.00 0.00 0.00 
Unknown 1358 10.20 0.00 0.00 0.00 0.00 0.00 0.00 
Unknown 1361 0.00 60.32 0.00 0.10 0.00 25.76 0.00 
Unknown 1372 0.00 5.90 0.00 0.02 0.00 4.08 0.00 
α-Copaene 1373 2.00 0.64 0.00 0.92 1.03 0.00 0.94 
(Z)-3-Hexenyl hexanoate  1381 129.18 24.31 0.00 0.00 0.10 0.38 0.00 
Unknown alkene 1382 0.00 0.00 0.00 1.07 0.01 0.00 0.00 
(Z)-3-Hexyl hexanoate 
(branched?) 1386 542.38 884.69 0.00 0.00 0.00 197.88 0.00 
Hexyl hexanoate 1386 804.85 1.39 0.00 0.05 0.01 0.00 0.00 
Unknown 1390 8.56 6.42 0.00 2.12 4.85 0.00 37.05 
Hexyl hexenoate 1390 1644.70 6.00 0.00 0.00 0.00 0.00 0.00 
Unknown ester 1392 0.00 0.00 0.00 18.51 0.00 0.00 0.00 
Unknown 1393 0.00 112.69 0.00 1.66 0.42 41.68 0.00 
Unknown 1396 1419.45 736.73 418.50 236.94 452.03 0.00 1674.30 
Unknown 1402 0.00 17.49 0.00 0.16 0.00 8.17 0.00 
Unknown 1413 0.00 0.00 0.00 0.00 0.00 6.98 0.00 
Unknown 1415 0.00 27.80 0.00 1.13 0.00 16.01 0.00 
β-Caryophyllene 1417 4.87 27.33 0.00 5.34 3.81 1.34 0.00 
Unknown 1423 13.27 0.00 0.00 0.00 0.00 0.00 0.00 
Unknown 1424 0.00 0.00 0.00 6.39 0.00 0.00 0.00 
β-Copaene 1427 0.29 0.00 0.00 1.42 0.35 0.00 0.00 
Unknown terpene 1427 0.00 0.00 0.00 0.79 0.00 1.07 0.00 
Unknown aromatic 1433 27.96 24.21 0.00 9.72 18.46 0.00 97.33 
Hexyl (E)-2-hexenoate 1436 40.40 0.00 0.00 0.03 0.00 0.00 0.00 
7,8-Dihydro-β-ionone 1436 0.00 867.12 0.00 110.16 24.31 729.23 0.00 
Unknown monoterpene 1438 151.66 0.00 0.00 0.00 0.00 0.00 0.00 
Unknown 1442 0.31 0.00 0.00 2.95 0.00 0.00 0.00 
Unknown 1444 0.00 27.03 0.00 2.23 0.31 8.16 0.00 
Unknown 1445 36.34 0.00 0.00 0.02 0.00 0.00 0.00 
6,10-Dimethyl-5,9-
undecadien-2-one 1449 0.00 0.00 0.00 5.79 0.00 0.00 0.00 
Alloramadendrene 1458 0.00 0.00 0.00 1.53 0.32 0.00 0.00 
11-Dodecanolide 1466 0.90 0.00 0.00 0.00 15.09 0.00 0.00 
Unknown 1468 0.00 7.53 0.00 0.00 0.00 0.13 0.00 
Unknown 1469 23.42 0.00 0.44 0.00 0.00 0.00 0.00 
Unknown 1470 34.37 0.00 0.00 0.43 0.29 0.00 0.00 
Unknown 1475 3.50 0.00 0.00 0.00 0.00 0.00 0.00 
Unknown 1478 7.88 0.00 0.00 0.00 0.00 0.00 0.00 
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Unknown hexenyl ester 1480 0.00 279.44 0.00 0.00 0.00 11.27 0.00 
Germacrene 1486 4.01 1.79 0.20 20.33 6.40 0.87 0.00 
Unknown 1488 0.16 0.00 0.00 1.58 0.00 0.00 0.00 
Valencene 1492 2.58 0.00 0.00 2.06 0.00 0.00 0.00 
5-Decanolide 1493 59.26 0.00 0.00 0.00 0.00 0.00 0.00 
Pentadecane 1500 0.00 0.00 2.22 1.77 0.67 0.00 0.00 
(E,E)-α-Farnesene 1511 19.52 0.00 36.63 47.08 5.37 0.00 0.00 
12-Dodecanolide 1515 10.12 0.00 0.00 0.00 85.27 0.00 0.47 
δ-Cadinene 1522 4.33 1.64 0.30 10.73 1.11 0.00 0.55 
Unknown 1522 0.00 0.00 0.00 0.00 0.53 0.00 0.92 
Homovanillyl alcohol 1523 0.00 0.00 0.14 0.06 1.33 0.00 2.86 
Dihydroactinidiolide 1532 0.00 0.00 0.00 0.30 0.00 0.00 0.00 
Unknown 1535 0.00 20.69 0.00 0.00 0.00 0.57 0.00 
Calcorene 1540 0.00 0.00 0.26 0.06 0.06 0.00 0.00 
Mellein 1540 0.00 0.61 0.00 170.43 0.02 0.00 0.00 
Unknown 1543 0.43 0.14 0.09 0.01 0.02 0.00 1.34 
(E)-Nerolidol 1563 0.86 24.21 0.51 5.89 0.28 0.00 0.00 
Unknown 1565 0.00 0.00 0.00 45.28 0.00 0.00 0.00 
Ester hexanoate 1566 14.57 0.00 0.00 0.00 0.06 0.00 0.00 
(Z)-3-Hexenyl benzoate 1571 6.34 2.32 0.00 0.06 0.00 0.31 0.00 
Unknown 1573 91.19 0.00 0.00 0.00 0.00 0.00 0.00 
Unknown 1576 3.31 0.00 0.00 0.00 0.00 0.00 0.00 
Unknown 1581 0.00 0.00 0.00 0.00 0.08 0.00 14.63 
Unknown alkene 1581 0.75 0.00 0.00 0.73 0.00 0.00 0.00 
Unknown 1583 31.61 0.00 0.00 0.00 0.00 0.00 0.00 
Hexadecane 1600 0.00 0.00 5.43 2.94 1.30 0.00 0.00 
Unknown 1607 0.00 0.00 0.00 0.00 4.17 0.00 0.00 
1-epi-Cubenol 1608 0.00 0.00 0.00 0.57 0.01 0.00 0.00 
Unknown 1621 0.00 0.00 0.00 17.27 0.00 0.00 0.00 
Unknown 1625 2.54 5.39 0.00 0.00 0.00 0.00 0.00 
Unknown 1630 24.71 0.00 0.00 0.00 0.00 0.00 0.00 
Unknown 1632 4.56 0.00 0.00 0.00 0.00 0.00 0.00 
Unknown 1636 1.01 0.00 4.74 0.00 3.85 0.00 0.00 
Unknown 1639 0.00 0.00 2.69 1.01 0.61 0.00 0.00 
Unknown 1643 3.59 0.00 0.00 0.00 0.00 0.00 0.00 
δ-Cadinol 1644 0.36 0.37 0.00 23.23 0.14 0.00 0.00 
Unknown 1646 0.00 0.00 0.00 0.00 16.03 0.00 0.00 
α-Cadinol 1652 0.00 0.00 0.00 2.21 0.00 0.00 0.00 
Unknown 1656 0.34 0.68 6.80 1.45 0.83 0.99 0.00 
Unknown 1661 0.00 8.51 0.00 0.00 0.00 1.22 0.00 
Heptadecene 1679 0.00 0.00 1.25 1.02 0.21 0.00 0.00 
Pentadecanolide 1691 0.00 412.12 0.00 0.25 0.00 211.71 0.00 
Heptadecane 1700 0.00 0.00 2.18 1.03 0.33 0.00 0.00 
Unknown1 1704 0.00 0.00 0.00 0.00 16.03 0.00 0.00 
Unknown2 1704 0.00 0.00 0.00 0.94 0.00 0.00 0.00 
Unknown macrolide 1714 0.00 0.00 0.00 23.77 0.00 0.00 0.00 
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14-Tetradecanolide 1733 67.79 0.00 12.28 0.00 157.47 0.00 20.83 
Unknown 1750 0.96 0.00 0.00 1048.23 0.01 0.00 0.00 
Unknown hydrocarbon 1750 0.92 0.99 4.22 14.93 1.85 1.08 1.29 
Unknown 1754 9.36 0.00 0.00 0.00 0.00 0.00 0.00 
Tetradecanoic acid 1755 0.13 0.00 0.00 32.14 0.00 0.00 0.00 
Ethyl benzoate 1762 0.33 0.00 0.38 0.49 0.48 0.00 0.37 
Unknown ester 1765 39.52 0.00 0.00 0.00 0.00 0.00 0.00 
Unknown 1769 0.65 0.00 0.00 1.57 0.00 0.00 0.00 
Unknown 1771 0.00 5.11 0.00 0.00 0.00 0.00 0.00 
Unknown hexenyl or cyclo 
pentyl ester 1775 797.54 4.61 0.00 0.00 2.75 0.00 78.44 
Unknown macrolide 1777 264.35 0.00 0.00 0.00 0.00 0.00 1.85 
Unknown 1787 0.00 0.00 0.00 2.58 0.00 0.00 0.00 
Octadecane 1800 0.00 0.00 2.34 0.75 0.45 0.00 0.00 
Unknown 1802 0.00 0.00 0.00 1.16 0.00 0.00 0.00 
Hexadecadienolide-15-
olide 1807 0.00 0.00 0.00 28.73 0.00 0.00 0.00 
Unknown 1817 0.25 6.33 0.00 0.00 0.00 0.00 0.50 
Hexadecen-11-olide 1828 108.76 0.00 0.00 0.00 0.00 0.00 7.50 
Unknown 1833 0.00 0.00 0.00 8.79 0.00 0.00 0.00 
Hexadecenolide 1835 0.00 0.00 0.00 0.00 0.21 0.00 1.49 
Neophytadiene 1836 0.00 315.81 0.00 0.13 0.00 21.27 0.00 
Hexadecenolide 1845 100.43 0.00 0.00 0.00 0.00 0.00 0.00 
Unknown 1846 29.45 10.05 0.48 3.94 9.70 36.17 1.66 
15-Hexadecanolide 1853 17.17 0.00 0.29 0.05 4.48 0.00 10.29 
Hexanyl ester 1853 0.00 1489.91 0.00 0.00 0.25 150.00 0.00 
Hexadecenolide 1854 24.29 0.00 0.00 0.00 0.00 0.00 0.20 
Unknown 1856 21.35 0.00 0.00 0.00 1.40 0.00 5.16 
Unknown 1860 6.31 0.00 0.00 0.00 2.13 0.00 13.14 
Hexadecenolide 1861 441.07 0.00 7.61 0.00 3.61 0.00 63.47 
Neophytadiene 1861 0.00 74.61 0.00 0.00 0.00 4.33 0.00 
Benzyl salicylate 1870 1.36 6106.41 23.37 34.69 17.95 3322.00 0.00 
Nonadecene 1877 1.08 0.00 1.38 0.84 0.13 0.00 0.00 
Unknown macrolide 1878 0.00 54.84 0.00 0.00 0.00 1.08 0.00 
Neophytadiene 1878 0.00 117.30 0.00 0.00 0.00 7.72 0.00 
1-Hexadecanol 1884 0.00 0.00 0.00 11.29 0.21 0.00 0.00 
Hexadecatrienolide 1884 11.33 0.00 0.00 0.00 0.00 0.00 1.06 
9,11-Hexadecadien-11-
olide 1893 115.51 0.00 0.00 0.00 0.00 0.00 2.63 
Nonadecane 1900 51.07 0.00 25.48 0.30 10.28 0.00 28.87 
Unknown 1901 1.47 0.00 4.28 1.67 0.01 0.00 2.92 
Unknown sesquiterpene 1902 0.00 0.00 39.74 0.00 12.54 0.00 0.00 
Unknown 1907 0.00 0.00 0.00 18.45 0.00 0.00 0.00 
Unknown 1915 0.00 0.00 2.92 1.86 0.66 0.00 0.00 
16-Hexadecanolide 1936 277.89 19.71 0.00 0.00 0.56 50.67 119.28 
Hexadecen-16-olide 1937 8.02 1.06 0.00 0.00 0.50 0.00 2.24 
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Hexyl dodecanoate 1960 0.00 0.00 0.00 28.05 0.00 0.00 0.00 
Hexadecanoic acid 1960 14.57 2.09 0.00 30.03 6.44 0.00 2.22 
Unknown hydrocarbon 1962 0.14 0.00 0.86 0.23 0.41 0.00 0.16 
Unknown 1968 0.17 0.00 4.11 1.04 4.14 0.00 2.49 
Unknown 1970 0.00 0.00 0.00 110.51 0.09 0.00 0.00 
Brassicalactone 1971 131.03 0.00 7.17 0.00 0.12 0.00 147.59 
Unknown 1977 0.00 0.00 0.00 4.41 0.02 0.00 0.00 
Octadecatrienolide 1987 21.38 0.00 0.00 0.00 0.00 0.00 15.07 
Icosane 2000 25.98 0.00 25.91 0.02 36.62 0.00 41.62 
Octadecen-11-olide 2008 183.49 0.00 0.00 0.00 0.00 0.00 57.35 
Unknown 2017 0.00 0.00 0.00 101.74 0.00 0.00 0.00 
Octadecadienolide 2019 119.80 18.57 4.53 0.00 90.17 0.00 738.77 
Isopropyl palmitate 2020 34.95 0.00 0.00 0.06 0.00 0.00 62.12 
Octadecadienolide 2033 45.14 1.93 0.00 0.00 12.42 1.94 1318.41 
Unknown pentyl ester 2033 0.00 0.00 0.00 226.39 0.00 0.00 0.00 
(Z)-9-Octadecen-11-olide 2038 8513.77 0.00 99.69 0.00 0.74 0.00 3257.65 
2-Phenylethyl decanoate 2038 0.33 0.00 0.00 10.75 0.00 0.00 0.00 
(Z)-9-Octadecen-13-olide 2044 5137.74 0.00 53.09 0.00 56.84 0.00 5916.34 
Octadecanoic acid ester 2045 105.19 0.00 0.00 0.00 8.67 0.00 39.54 
Unknown macrolide 2048 15.61 0.00 7.30 0.00 12.89 0.00 93.84 
12-Octadecanolide 2055 119.92 0.00 0.00 0.00 0.00 0.00 12.06 
Unknown 2055 0.00 0.00 0.00 5.68 0.00 0.00 0.00 
(Z9,E11,Z15)-9,11,15- 
Octadecatrien-13-olide 2061 2354.90 0.00 0.00 0.00 0.41 0.00 614.24 
Unknown 2062 107.29 0.00 0.00 0.00 0.00 0.00 0.00 
(E)-Octadec-9-en-12-olide 2065 429.44 0.00 0.00 0.00 0.00 0.00 98.09 
(Z9,E11)- 9,11-
Octadecadien -13-olide 2065 22006.74 0.63 8.26 0.00 0.96 0.00 1063.22 
Henicosene 2068 12.36 4.66 1313.29 6.98 65.72 0.00 7.26 
Henicosene 2072 110.06 0.00 2430.30 53.95 149.32 9.61 100.88 
Henicosene 2086 3.92 14.05 19.45 3.03 24.45 0.00 8.53 
Unknown 2093 0.00 0.00 0.00 6.63 0.00 0.00 0.00 
Octadecadienolide 2095 786.47 0.00 0.00 0.00 0.00 0.00 7.97 
Henicosane 2100 1925.11 0.00 2265.48 19.39 3803.86 0.00 4272.72 
Unknown terpene ester 2120 0.00 0.00 0.00 52.68 0.00 0.00 0.00 
9-Octadecen-18-olide 2123 1114.19 10.97 48.20 0.06 25.86 18.23 1703.38 
18-Octadecanolide 2135 532.01 3.25 0.00 52.57 12.35 0.00 217.04 
Unknown terpene ester 2139 0.00 0.00 0.00 714.11 0.00 0.00 0.00 
Unknown 2144 24.10 0.00 0.00 0.00 0.04 0.00 32.41 
Unknown terpene ester 2150 0.00 0.00 0.00 2490.83 0.47 0.00 0.00 
Unknown amide 2157 0.05 0.00 0.00 1.94 0.28 0.00 1.03 
Ethyl oleate 2159 6.32 0.00 103.74 0.00 74.15 0.00 656.14 
Unknown 2160 0.16 0.00 0.00 18.63 0.70 0.00 0.00 
Octadecanoic acid 2161 5.98 0.00 0.00 1.57 1.78 0.00 2.31 
Unknown 2166 0.16 0.00 0.00 246.29 0.29 0.00 0.00 
Unknown 2168 0.00 0.00 0.00 56.48 0.05 0.00 27.60 
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Isopentyl 
octadecadienoate 2177 24.35 0.00 55.57 0.00 6.99 0.00 44.03 
Octadecadienolide 2178 416.33 0.00 0.00 0.00 0.71 0.00 416.42 
Butyl hexadecanoate 2186 0.00 0.00 0.00 1.52 48.32 0.00 395.49 
Isopropyl oleate 2188 6455.01 0.00 536.83 0.00 247.13 0.00 9353.76 
Docosane 2200 0.47 0.00 15.50 1.89 42.63 0.00 13.07 
Unknown diterpene  2205 0.00 0.00 0.00 326.23 0.00 0.00 0.00 
Unknown macrolide 2210 46.31 0.00 0.00 0.00 0.00 0.00 30.66 
Icosen-13-olide 2218 715.91 0.00 1.38 0.00 0.00 0.00 76.47 
Icosanal 2219 43.01 1.31 12.38 12.68 5.65 0.00 14.32 
Isopropyl octadecanoate 2224 242.19 0.00 2.52 0.00 0.80 0.00 187.79 
Unknown 2229 0.00 0.00 0.00 2.16 0.00 0.00 0.00 
Unknown 2238 105.25 0.00 0.00 0.00 2.50 0.00 178.84 
Isopropyl 
octadecadienolate 2241 2165.26 0.00 9.06 0.00 0.00 0.00 1339.28 
2-Phenylethyl dodecanoate 2243 0.00 0.00 0.00 335.57 0.00 0.00 0.00 
Unknown 2245 0.00 0.00 0.00 0.00 5.88 0.00 156.00 
Icosadien-15-olide 2250 312.24 0.00 0.00 0.00 0.00 0.00 5.33 
Isoprenyl palmitate 2254 0.55 0.00 0.00 5.47 0.63 0.00 0.00 
Icosenol 2255 0.00 0.00 732.36 0.11 4.68 0.00 0.00 
Unknown 2258 0.00 0.00 0.00 5.14 0.00 0.00 0.00 
13-Icosanolide 2259 67.71 0.00 0.00 0.00 0.00 0.00 100.04 
Isopropyl 9,12-
octadecadienoate 2263 673.31 0.00 0.00 0.00 0.00 0.00 101.38 
Unknown 2263 0.00 0.00 0.00 0.00 0.00 0.00 747.20 
Tricosene 2270 383.95 2.22 898.75 21.47 152.97 7.71 64.87 
Tricosene 2275 387.50 30.92 3461.39 223.41 268.81 36.72 247.60 
Unknown 2279 0.00 0.00 0.00 106.05 0.00 0.00 0.00 
Unknown 2280 0.00 0.00 0.00 3.03 0.00 0.00 0.00 
Isopentyl ester 2285 0.00 0.00 34.49 0.00 5.54 0.00 1.71 
Isobutyl oleate 2287 67.84 0.00 843.45 0.00 231.52 0.00 147.86 
Unknown 2290 3.67 0.66 4.14 0.07 0.99 29.37 1.56 
Unknown 2297 0.00 0.00 0.00 26.19 0.00 0.00 0.00 
Tricosane 2300 110.63 4.50 125.94 56.30 355.85 0.41 229.22 
Unknown  2305 47.55 0.00 43.17 0.00 77.52 0.00 453.19 
Unknown terpene ester 2310 0.00 0.00 0.00 13314.02 6.20 0.00 0.91 
Unknown  2320 66.77 0.00 0.00 0.00 0.00 0.00 0.00 
Unknown  2320 0.00 0.00 0.00 29.16 0.00 0.00 0.00 
Unknown  2324 0.00 0.00 0.00 278.45 0.00 0.00 0.00 
Unknown  2325 60.06 0.00 1.16 0.00 0.49 0.00 36.57 
Unknown  2329 0.00 0.00 0.00 37.54 0.00 0.00 0.00 
20-Icosanolide 2330 264.60 0.00 0.00 0.00 3.32 0.00 333.62 
Unknown  2336 0.00 0.00 0.00 13.06 0.00 0.00 0.00 
Unknown amide 2347 28.54 0.31 53.14 110.07 28.27 8.05 87.41 
Docosadienolide 2347 33.41 0.00 0.00 0.00 0.14 0.00 25.95 
Unknown 2349 0.00 0.00 0.00 7.66 0.00 0.00 0.00 
 138 
Hexyl hexadecenoate 2351 36.26 0.00 0.00 0.47 0.96 0.00 0.00 
Hexyl hexadecenoate 2353 66.90 5.49 0.00 14.14 8.16 0.00 0.00 
Butyl octadecadienoate 2355 14.13 0.00 6.38 0.00 51.78 0.00 130.87 
Unknown  2360 18.01 0.00 0.00 0.00 0.00 0.00 23.06 
Butyl oleate 2361 0.00 0.00 74.72 18.11 1176.37 0.00 14387.66 
Unknown sesterterpene 
hydrocarbon 2370 0.00 0.00 0.00 463.94 0.00 0.00 0.00 
Unknown  2373 0.00 0.00 0.00 1.12 0.00 0.00 0.00 
(Z)-3-Hexenyl 
hexadecanoate 2379 253.15 39.69 1.10 163.00 119.56 1.55 50.99 
Butyl octadecanoate 2386 0.00 0.00 0.00 0.13 29.30 0.00 233.43 
Unknown 2387 0.00 0.00 0.00 82.89 0.00 0.00 0.00 
Unknown macrolide 2392 115.24 0.00 1.91 0.00 0.00 0.00 3.73 
Unknown 2396 0.00 0.00 0.00 0.00 0.67 0.00 2287.35 
Unknown 2398 0.00 0.00 0.00 27.11 0.00 0.00 0.00 
Tetracosane 2400 0.25 0.00 14.73 12.99 10.04 0.00 0.81 
Icosyl acetate 2408 0.00 0.00 0.00 53.34 0.00 0.00 0.00 
2-Phenylethyl 
tetradecenoate 2415 0.00 0.00 0.00 7.07 0.00 0.00 0.00 
Unknown 2418 80.06 0.00 0.00 39.32 2.59 0.00 236.97 
19-Methylicosyl acetate 2422 73.80 0.46 5.47 5.31 9.16 0.00 0.00 
Unknown sesterterpene 
hydrocarbon 2427 0.00 0.00 0.00 195.86 0.00 0.00 0.00 
Unknown 2432 0.00 0.00 0.00 3.35 0.00 0.00 0.00 
Unknown terpene ester 2435 0.00 0.00 0.00 1458.48 0.00 0.00 0.00 
Isoprenyl octadec-11-
enoate 2436 10.90 0.00 5.22 36.11 12.59 0.00 16.40 
Unknown 2451 0.00 0.00 0.00 871.50 0.00 0.00 0.00 
Unknown 2453 56.78 0.00 0.00 0.00 0.00 0.00 25.51 
Docosenolide 2455 27.89 0.00 0.00 0.00 0.00 0.00 61.64 
Unknown 2455 9.18 0.00 0.00 0.16 5.35 0.00 11.35 
Unknown 2458 0.00 0.00 0.00 15.53 0.00 0.00 0.00 
(Z)-13-Docosen-1-ol 2460 74.44 4.12 1423.15 2.06 66.81 0.00 46.98 
Unknown 2460 0.00 0.00 0.00 14.00 2.34 0.00 0.00 
Unknown 2465 8.67 1.07 0.00 0.00 1.91 0.00 6.27 
Unknown 2467 12.46 0.00 3.47 0.00 0.71 12.63 0.00 
Unknown 2472 66.43 0.00 47.08 29.73 224.34 0.00 431.21 
Icosenolide 2475 59.95 0.00 0.00 0.00 0.00 0.00 105.64 
Unknown 2487 0.00 0.00 0.00 375.56 0.00 0.00 0.00 
1-Docosanol 2490 1606.60 26.14 2019.66 333.96 864.97 26.49 817.09 
Unknown 2490 0.00 0.00 0.00 15.96 0.00 0.00 0.00 
Unknown terpene ester 2494 0.00 0.00 0.00 1352.10 0.00 0.00 0.00 
Pentacosane 2500 32.26 67.62 89.86 127.99 128.42 9.12 115.21 
Unknown 2503 0.00 0.00 0.00 4.98 0.00 0.00 0.00 
Unknown aromatic ester 2511 0.00 0.00 0.00 128.44 0.00 0.00 0.00 
Unknown 2523 0.00 0.00 0.00 237.75 0.00 0.00 0.00 
11-Methylpentacosane 2532 0.00 0.92 281.90 0.00 42.18 0.00 10.23 
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Hexyl octadecadienoate 2544 0.00 0.00 0.00 0.00 0.00 0.00 110.64 
Hexyl octadecanoate 2550 50.62 182.27 1.10 55.23 97.19 29.26 40.25 
Docosen-22-olide 2551 294.37 0.00 0.00 0.00 4.41 0.00 162.16 
Hexyl octadecenoate & (Z)-
3-Hexenyl octadecenoate 2557 7351.86 894.88 283.47 719.73 975.62 233.40 4569.69 
Hexenyl octadecatrienoate 
& (Z)-3-Hexenyl 
octadecatrienoate 2561 1040.52 101.96 0.00 35.29 226.38 7.71 438.91 
Benzyl hexadecanoate 2569 64.43 0.00 0.00 9.76 0.00 0.00 46.40 
(Z)-3-Hexenyl 
octadecanoate 2581 194.51 4.37 2.36 16.92 82.54 0.66 26.03 
Unknown 2588 0.00 0.00 0.00 163.90 0.00 0.00 0.00 
Hexyl octadecanoate 2590 1304.10 0.00 0.00 0.00 0.00 0.00 417.94 
Unknown 2593 0.00 0.00 0.00 402.39 0.00 0.00 0.00 
Hexacosane 2600 0.00 7.30 14.07 27.73 20.78 0.69 25.86 
1,3-Docosanediol (cyclic 
dImethylsilyl derivative) 2604 626.77 5.10 132.85 144.33 148.81 1.31 135.78 
Hexyl octadecanoate 2621 113.97 0.00 0.00 0.00 0.62 60.76 386.24 
Unknown 2626 0.00 0.00 5.05 0.00 2.25 0.00 0.00 
Unknown 2628 0.00 0.00 0.00 58.75 0.00 0.00 0.00 
Unknown 2631 0.00 22.63 0.52 3.16 0.01 0.18 0.00 
Unknown sesterterpene 2636 0.00 0.00 0.00 5844.44 2.26 0.00 0.00 
Unknown 2636 1.81 0.00 0.00 19.29 0.00 0.00 0.00 
Unknown 2655 0.00 0.00 24.45 9.13 2.33 0.00 50.19 
Unknown 2656 0.00 0.00 0.00 1.64 12.89 0.00 0.00 
Unknown 2657 4.70 0.00 0.00 500.69 0.00 0.00 0.00 
Tetracosenol 2664 2831.00 60.76 1491.35 747.98 1024.14 41.48 1536.26 
Unknown 2670 0.00 0.00 3.92 37.23 3.22 0.00 0.00 
Heptacosene 2675 18.98 4.46 20.89 38.51 85.04 0.00 168.58 
Unknown 2690 91.66 0.00 0.00 0.00 0.00 0.00 0.00 
Unknown 2694 1345.00 0.00 0.00 177.23 171.59 0.00 478.60 
1-Tetracosanol 2694 631.83 11.12 1574.08 801.80 806.30 13.84 578.68 
Unknown 2699 0.00 0.00 0.00 436.84 0.00 0.00 0.00 
Heptacosane 2700 323.89 237.58 238.02 222.08 280.33 139.08 318.56 
1,3-Tricosanediol (cyclic 
dImethylsilyl derivative) 2704 99.89 0.00 0.00 0.00 0.00 0.00 0.00 
Unknown aromatic ester 2718 0.00 0.00 0.00 65.07 0.00 0.00 0.00 
11-Methylheptacosane 2730 0.00 48.91 42.01 0.00 28.38 2.56 65.08 
Unknown 2733 5.38 14.02 0.00 62.42 0.00 0.00 37.76 
Unknown 2735 0.00 0.00 0.00 489.73 0.00 0.00 0.00 
Unknown2 2735 60.84 0.00 0.00 0.00 0.00 0.00 0.00 
Cholestadiene 2744 32.82 7.42 1.03 6.29 7.37 0.00 17.60 
Unknown 2746 0.00 0.00 2.07 0.31 1.29 0.00 0.00 
Tetracosenolide 2749 1191.60 0.00 21.22 0.00 7.38 0.00 80.97 
Unknown 2753 32.55 59.64 20.13 2.30 19.50 44.22 31.60 
Unknown terpene 2755 0.00 0.00 0.00 1585.67 0.19 0.00 0.00 
13-Docosenamide 2770 171.59 3.47 297.50 442.28 190.84 88.54 408.92 
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Unknown 2783 163.02 0.00 32.86 3.66 42.87 0.00 54.20 
1,3-Tetracosanediol (cyclic 
dImethylsilyl derivative) 2799 302.17 1.02 229.22 155.63 149.58 0.00 87.12 
Octacosane 2800 0.00 0.49 14.21 41.69 16.16 0.00 41.03 
Unknown triterpene 2823 5.39 0.00 303.06 6449.52 46.90 0.96 19.88 
Hexacosanal 2829 1270.51 6.38 120.75 759.60 200.84 0.72 124.36 
Unknown 2840 27.15 0.00 0.00 1083.40 0.00 0.00 14.53 
Unknown 2855 10.50 0.00 52.75 6.24 2.43 0.00 32.95 
Unknown 2864 23.12 0.00 0.00 99.22 0.00 0.00 1.25 
Cholesta-3,5-diene 2871 24.12 7.15 0.52 8.31 11.48 0.00 11.90 
Unknown 2891 52.16 0.00 84.04 172.51 30.87 0.00 30.63 
Unknown triterpene 2891 0.00 0.00 0.00 3126.08 0.99 0.00 0.00 
Unknown 2898 376.41 0.00 28.91 54.49 186.54 0.00 123.42 
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Table S7: Pairwise PERMANOVA p-values of between species androconial 
comparisons using Bonferroni correction. All values were significant at 0.05 significance 
level.    
 H. cydno H. eleuchia H. elevatus H. erato H. melpomene H. sapho 
H. eleuchia 0.021      
H. elevatus 0.042 0.021     
H. erato 0.021 0.021 0.021    
H. melpomene 0.021 0.021 0.021 0.021   
H. sapho 0.021 0.021 0.021 0.021 0.021  
H. timareta 0.021 0.021 0.021 0.021 0.021 0.021 
 
 
 
 
 
 
 
  
 142 
Table S8: Pairwise PERMANOVA p-values of between species genital comparisons 
using Bonferroni correction. Significant results are highlighted in bold.   
 H. cydno H. eleuchia H. elevatus H. erato H. melpomene H. sapho 
H. eleuchia 0.021      
H. elevatus 0.021 0.021     
H. erato 0.021 0.021 0.021    
H. melpomene 0.021 0.021 0.273 0.021   
H. sapho 0.021 0.042 0.021 0.021 0.021  
H. timareta 0.021 0.021 0.021 0.021 0.021 0.021 
 
 
 
 
 
 
 
 
 
 
 
 
 143 
Table S9: Summary of androconial chemical bouquet analysis of all species using 
the ManyGLM approach including all significant explanatory variables. The ten 
compounds which contribute the most to the deviance explained by a variable are listed 
for each variable in descending order of contribution. Compounds highlighted with * were 
also identified by an indicator analysis. 
Parameter Residu
al DF 
DF Devianc
e 
p-
val 
Compounds 
Species 245 6 10944 0.0
01 
Geranylgeranylacetone*, 
syringaldehyde, 
methyloctadecanal (RI=2076), 
icosanal, octadecanal*, (Z)-11-
icosenal, henicosane, 
methyloctadecanal (RI=2064), 
unknown RI=1396, 1-hexadecanol  
Region  242 3 3717 0.0
01 
Henicosane, tricosane, unknown 
ester RI=1188, unknown RI=2133, 
tetracosane, napthalene1, 
unknown RI=1366, unknown 
RI=2277, pentacosane 
(Region/Locality) 231 11 2826 0.0
01 
Hexadecadien-15-olide, unknown 
RI=1915, unknown hydrocarbon 
RI=1962, 1-hexadecanol, 
napthalene1, nonanal, (Z)-13-
docosenal, methyl 4-hydroxy-3-
methoxybenzoate, (Z)-β-
ocimene, unknown RI=1184 
Species*Region 222 9 896 0.0
05 
Napthalene, methyl salicylate, 
henicosane, 1-octadecanol, 
mellein, dihydroactinidiolide, 1-
hexadecanol, octadecanal, (Z)-13-
docosen-1-ol, tricosane 
Species*(Region/L
ocality) 
220 21 741 0.0
01 
1-Hexadecanol, pentacosane, 1-
octadecanol, methyl salicylate, 
henicosane 
1Naphthalene is a known flower volatile, but can also be introduced by 
contamination. Our blank samples never contained naphthalene, indicating the butterfly 
origin in our study.  
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Table S10: Summary of genital chemical bouquet analysis of all species using the 
ManyGLM approach including all significant explanatory variables. The ten compounds 
which contribute the most to the deviance explained by a variable are listed for each 
variable. Compounds highlighted with * were also identified by an indicator analysis.  
Parameter Residual 
DF 
DF Deviance p-val Compounds 
Species 268 6 27587 0.001 Unknown terpene ester 
RI=2494*, unknown terpene 
ester RI=2139, henicosane, 
unknown pentyl ester RI=2033, 
unknown terpene ester 2435, 
unknown aromatic RI=1299, 
unknown terpene RI=2755, 
benzyl cyanide, unknown 
sesterterpene hydrocarbon 
RI=2370, (E)-β-ocimene*  
Region  265 3 8965 0.001 Unknown RI=2840, 7,8-dihydro-
β-ionone, benzyl cyanide, 
unknown aromatic ester 
RI=2511, 2-phenylethyl 
dodecanoate, unknown 
triterpene RI=2891, unknown 
aromatic ester RI=2718, 
hexadecane, unknown RI=1076, 
3-undecanone 
 
(Region/Locality) 257 11 6431 0.016 (Z)-β-Ocimene, unknown 
RI=1915, unknown hydrocarbon 
RI=1750, 18-octadecanolide, 
henicosene (2068), 19-
methylicosyl acetate, napthalene, 
hexadecanoic acid, 3-
undecanone, unknown terpene 
ester RI=2310 
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Table S11: Androconial and genital compounds which are the best indicators of 
different geographic groups of H. erato. A is a measure of group specificity of the 
compounds, B is a measure of group coverage, and sqrtIV is the indicator value which 
considers both A and B and ranges from 0 (compound not present in any individuals of 
that species) to 1 (compound only present in that species, and present in all individuals). 
Wings  
Amazon 
 
A: specificity 
 
B: coverage 
 
sqrtIV 
Napthalene 0.787 0.870 0.827 
East Andes    
1-Hexadecanol & mellein 0.802 0.957 0.876 
West Andes    
Unknown RI=1704 0.950 0.833 0.890 
Panama    
Benzylacetate 1 1 1 
Unknown ester RI=1188 1 1 1 
Genitals 
Amazon 
   
Napthalene 0.851 0.957 0.902 
East Andes    
Unknown triterpene RI=2891 0.846 0.978 0.910 
West    
Unknown RI=1833 1 1 1 
Unknown RI=1970 1 1 1 
2-Phenylethyl decanoate 1 1 1 
Unknown terpene ester RI=2120 1 1 1 
2-Phenylethyl dodecanoate 1 1 1 
Unknown RI=2258 1 1 1 
2-Phenylethyl tetradecenoate 1 1 1 
Unknown aromatic ester RI=2511 1 1 1 
Unknown aromatic ester RI=2718 1 1 1 
Unknown RI=2734 1 1 1 
Panama    
Benzyl acetate 1 1 1 
Unknown ester RI=1188 1 1 1 
Pentyl/isopentyl 3-methylbutyrate  1 1 1 
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Table S12: Androconial and genital compounds which are the best indicators of 
different geographic groups of H. melpomene. A is a measure of group specificity of the 
compounds, B is a measure of group coverage, and sqrtIV is the indicator value which 
considers both A and B and ranges from 0 (compound not present in any individuals of 
that species) to 1 (compound only present in that species, and present in all individuals). 
Wings 
Amazon 
 
A: specificity 
 
B: coverage 
 
sqrtIV 
Alkene or alcohol (RI=2127) & henicosane 0.871 0.966 0.917 
East Andes    
(Z)-13-Docosenal & henicosane 0.962 0.895 0.928 
West Andes    
Unknown RI=1766 1 0.727 0.852 
Panama    
Nonanoic acid 0.816 1 0.903 
Genitals 
Amazon 
   
14-Tetradecanolide 0.915 0.975 0.945 
East Andes    
7,8-Dihydro-β-ionone 1 0.881 0.939 
West    
Hexyl octadecenoate (RI=2621) 0.826 1 0.909 
Panama    
2-sec-Butyl-3-methoxypyrazine 0.495 1 0.704 
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Table S13: Summary of androconial chemical bouquet analysis of H. erato using 
the ManyGLM approach including all significant explanatory variables. The ten 
compounds which contribute the most to the deviance explained by a variable are listed 
for each variable. Compounds highlighted with * were also identified by an indicator 
analysis.  
Parameter Residual 
DF 
DF Deviance p-val Compounds 
Region  84 3 1275 0.001 Pentacosane, unknown ester 
RI=1188*, benzyl acetate*, 
unknown macrolide RI=1714, 
tetracosane, unknown RI=1366, 
pentyl/isopentyl 3-ethylbutyrate 
RI=1145, mellein*,  
hexadecadien-15-olide, 
heptadecene,  
(Region/Locality) 78 9 1091 0.001 Hexadecadien-15-olide, 
napthalene*, unknown RI=1915, 
unknown hydrocarbon RI=1962, 
tetracosane, unknown RI=1184, 
unknown macrolide RI=1714, 
pentacosane, unknown RI=1444, 
unknown RI=1424 
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Table S14: Summary of genital chemical bouquet analysis of H. erato using the 
ManyGLM approach including all significant explanatory variables. The ten compounds 
which contribute the most to the deviance explained by a variable are listed for each 
variable. Compounds highlighted with * were also identified by an indicator analysis. 
Parameter Residual 
DF 
DF Deviance p-val Compounds 
Region  88 3 6142 0.001 3-Undecanone, unknown 
sesterterpene RI=2636*, 
unknown RI=2840, unknown 
tripterpene RI=2891*, unknown 
aromatic ester RI=2511*, 2-
phenylethyl dodecanoate*, 
unknown RI=2451, unknown 
terpene ester RI=2435, unknown 
aromatic ester RI=2718*, benzyl 
cyanide,  
(Region/Locality) 82 9 2721 0.001 Napthalene*, hexadecanoic acid, 
unknown diterpene RI=2205, 
unknown ester hexanoate 
RI=1565, 18-octadecanolide, 
unknown RI=2279, unknown 
macrolide RI=1714, unknown 
RI=1424, unknown amide 
RI=2157, icosanal 
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Table S15: Summary of androconial chemical bouquet analysis of H. melpomene 
using the ManyGLM approach including all significant explanatory variables. The ten 
compounds which contribute the most to the deviance explained by a variable are listed 
for each variable.  
Parameter Residual 
DF 
DF Deviance p-val Compounds 
Region  83 3 1848 0.001 Henicosane*, tricosane, methyl 
3,4-dimethoxybenzoate, 
homovanillyl alcohol, (Z)-13-
docosen-1-ol*, 11-icosenol, 
icosenol, napthalene, unknown 
aromatic RI=1738, unknown 
alkene or alcohol RI=2127* 
(Region/Locality) 75 11 1582 0.001 Unknown RI=2133, nonanal, 1-
octadecanol, (Z)-13-docosenal, 
(Z)-9-octadecenal, Unknown 
RI=1915,  (Z)-16-methyl-9-
octadecenol, unknown RI=2112, 
unknown RI=1638, tricosene 
RI=2072 
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Table S16: Summary of genital chemical bouquet analysis of H. melpomene using 
the ManyGLM approach including all significant explanatory variables. The ten 
compounds which contribute the most to the deviance explained by a variable are listed 
for each variable. Compounds highlighted with * were also identified by an indicator 
analysis. 
Parameter Residual 
DF 
DF Deviance p-val Compounds 
Region 100 3 2281 0.001 7,8-Dihydro-β-ionone*, 12-
dodecanolide, 2-sec-butyl-3-
methoxypyrazine, napthalene, 
unknown RI=1704, 2-methoxy-
3-isobutylpyrazine*, (Z)-β-
ocimene, unknown RI=1607, 11-
dodecanolide, (E)-β-ocimene 
(Region/Locality) 93 10 1777 0.001 12-Dodecanolide, unknown 
hydrocarbon RI=1750, unknown 
RI=1915, benzyl salicylate, 
hexenyl octadecatrienoate & 
(Z)-3-hexenyl octadecenoate, 
11-methylpentacosane, 
unknown RI=2891, 14-
tetradecanolide*, unknown 
sesquiterpene RI=1902, 11-
dodecanolide 
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Chapter 5 
A novel terpene synthase produces an anti-aphrodisiac 
pheromone in the butterfly Heliconius melpomene 
Abstract 
Terpenes, a group of structurally diverse compounds, are the biggest class of 
secondary metabolites. While the biosynthesis of terpenes by enzymes known as terpene 
synthases (TPSs) has been described in plants and microorganisms, few TPSs have been 
identified in insects, despite the presence of terpenes in multiple insect species. Indeed, 
in many insect species, it remains unclear whether terpenes are sequestered from plants 
or biosynthesised de novo. No homologs of plant TPSs have been found in insect 
genomes, though insect TPSs with an independent evolutionary origin have been found in 
Hemiptera and Coleoptera. In the butterfly Heliconius melpomene, the monoterpene (E)-
β-ocimene acts as an anti-aphrodisiac pheromone, where it is transferred during mating 
from males to females to avoid re-mating by deterring males. To date only one insect 
monoterpene synthase has been described, in Ips pini (Coleoptera), and is a 
multifunctional TPS and isoprenyl diphosphate synthase (IDS). Here, we combine linkage 
mapping and expression studies to identify candidate genes involved in the biosynthesis 
of (E)-β-ocimene. We confirm that H. melpomene has two enzymes that exhibit TPS 
activity, and one of these, HMEL037106g1 is able to synthesise (E)-β-ocimene in vitro. 
Unlike the enzyme in Ips pini, these enzymes only exhibit residual IDS activity, suggesting 
they are more specialised TPSs, akin to those found in plants. Phylogenetic analysis shows 
that these enzymes are unrelated to previously described plant and insect TPSs. The 
distinct evolutionary origin of TPSs in Lepidoptera suggests that they have evolved 
multiple times in insects.  
Significance statement 
Terpenes are a diverse class of natural compounds, used by both plants and 
animals for a variety of functions, including chemical communication. In insects it is often 
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unclear whether they are synthesised de novo or sequestered from plants. Some plants 
and insects have converged to use the same compounds. For instance, (E)-β-ocimene is a 
common component of floral scent and is also used by the butterfly Heliconius 
melpomene as an anti-aphrodisiac pheromone. We describe two novel terpene 
synthases, one of which synthesises (E)-β-ocimene in H. melpomene, unrelated not only 
to plant enzymes but also other recently identified insect terpene synthases. This 
provides the first evidence that the ability to synthesise terpenes has arisen multiple 
times independently within the insects.  
Introduction  
Plants and insects sometimes use the same compounds for communication 
(Schiestl 2010; Beran et al. 2019). This may be adaptive if these chemicals exploit pre-
existing sensory traits in the intended receiver. For example, sexually deceptive orchids 
mimic the scent of females of the pollinator species to attract males for pollination 
(Ayasse et al. 2011). Similarly, insects may use plant-like volatiles to exploit the sensory 
systems of other insects whose sensory systems have evolved for plant-finding (Baker 
1989; Schiestl 2010; Conner and Iyengar 2016). Phenotypic convergences such as these 
may involve different molecular mechanisms, including independent evolution at 
different loci, or may be due to the exchange of genes through horizontal gene transfer 
(Stern 2013), and the concept has been studied across a range of organisms and 
phenotypes. However, we know little about the genetic basis of convergence in chemical 
signals.  
One example of chemical convergence between plants and insects is the use of β-
ocimene, a very common plant volatile, important in pollinator attraction due to its 
abundance and ubiquity in floral scents (Farré-Armengol et al. 2017). This compound is 
also found in the genitals of male Heliconius butterflies (Schulz et al. 2008; Estrada et al. 
2011; Merrill et al. 2015). In Heliconius melpomene, (E)-β-ocimene acts as an anti-
aphrodisiac pheromone, transferred from males to females during mating to repel further 
courtship from subsequent males (Schulz et al. 2008). β-Ocimene is also found in large 
amounts in the flowers on which adult H. melpomene feed, and elicits a strong antennal 
response in both males and females (Andersson et al. 2002; Andersson and Dobson 
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2003). This compound, therefore, appears to be carrying out two context-dependent 
functions, attraction to plants and repulsion from mated females.  
Although β-ocimene synthases have been described in plants, none have been 
found in animals (Farré-Armengol et al. 2017). It has previously been shown that H. 
melpomene is able to synthesise (E)-β-ocimene de novo (Schulz et al. 2008). β-Ocimene is 
a monoterpene, a member of the largest and most structurally diverse class of natural 
products, the terpenes (Gershenzon and Dudareva 2007). Terpenes are formed from two 
precursors, isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP), which 
are themselves produced by either the universal mevalonate pathway or the 
methylerythritol phosphate pathway, the latter of which is absent in animals (Eisenreich 
et al. 2004; Chen et al. 2016). Varying numbers of IPP units are then added to DMAPP to 
form isoprenyl diphosphates of different chain lengths by isoprenyl diphosphate 
synthases (IDSs) (Kellogg and Poulter 1997; Wang and Ohnuma 2000) (Fig. 1). These 
isoprenyl diphosphates are the precursors for the production of terpenes by terpene 
synthases (TPSs), with the length of the isoprenyl diphosphate determining the type of 
terpene that is made (Bohlmann et al. 1998; Christianson 2006). For example, DMAPP 
and one unit of IPP are converted by the IDS geranyl pyrophosphate synthase (GPPS) to 
form geranyl pyrophosphate (GPP), which can be converted by TPSs to monoterpenes, 
such as β-ocimene (Fig. 1). DMAPP and two units of IPP are converted by the IDS farnesyl 
diphosphate synthase (FPPS) into farnesyl diphosphate (FPP), which can be converted by 
TPSs to sesquiterpenes (Degenhardt et al. 2009) (Fig. 1). Finally, DMAPP and three units 
of IPP are converted by the IDS geranylgeranyl diphosphate synthase (GGPPS) into 
geranylgeranyl diphosphate (GGPP), which can be converted by TPSs to diterpenes (Fig. 
1).    
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Figure 1: Pathway of terpene biosynthesis. Isopentenyl diphosphate (IPP) and 
dimethylallyl diphosphate (DMAPP) are first formed from the mevalonate pathway. IPP 
and DMAPP are the substrates for isoprenyl disphosphate synthases which produce 
isoprenyl diphosphates of varying lengths, depending on the number of IPP units added. 
Isoprenyl diphosphates are themselves the substrates used by terpene synthases to make 
terpenes of various sizes, for example, monoterpene synthases produce monoterpenes, 
such as ocimene, from geranyl pyrophosphate (GPP). For illustration, (E,E)-α-farnesene is 
used as a representative sesquiterpene, and phytol as a diterpene.  
 
  
 155 
Both the mevalonate pathway, which forms IPP and DMAPP, and IDSs are 
ubiquitous in nature. In insects, the production of juvenile hormones is reliant on this 
pathway via FPP (Bellés et al. 2005). In contrast, TPSs are more limited in their 
distribution. Until recently they had only been described in plants and fungi in the 
eukaryotic domain, suggesting that insects sequestered terpenes from their diet and 
were unable to synthesise these compounds de novo (Chen et al. 2016). In the last 
decade, insect TPS genes, which are not homologous to plant TPSs, have been discovered 
in Hemiptera and Coleoptera, and were shown to be involved in the production of 
aggregation and sex pheromones (Gilg et al. 2005, 2009; Beran et al. 2016, 2019; 
Lancaster et al. 2018, 2019). The enzymes found in Hemiptera are involved in the 
production of pheromone precursor sesquiterpenes from FPP, although the enzymes 
catalysing the terminal pheromone biosynthesis steps are unknown (Lancaster et al. 
2018, 2019). Sesquiterpene synthases have also been described in Phyllotreta striolata 
(Coleoptera) (Beran et al. 2016). The only monoterpene synthase described to date is that 
of Ips pini (Coleoptera), which produces a pheromone precursor from GPP (Gilg et al. 
2005, 2009). These TPS genes have evolved from IDS-like genes, most closely related to 
FPPSs (Beran et al. 2016, 2019). The TPS of Ips pini also retains IDS function, acting as 
both a GPPS and TPS in vitro. It is unclear whether the evolution of TPS activity occurred 
only once in insects, as the most recent phylogenetic evidence suggests, or has occurred 
independently in different lineages (Beran et al. 2019; Lancaster et al. 2019). 
Here, we identify the genes involved in the biosynthesis of (E)-β-ocimene in the 
butterfly Heliconius melpomene and analyse the evolution of terpene synthesis in 
Heliconius and other insects. To determine candidate TPS genes, we identified pathway 
orthologs in H. melpomene and carried out a genetic mapping study between H. 
melpomene and H. cydno, a closely-related species that does not produce (E)-β-ocimene. 
We identified a genomic region associated with the production of (E)-β-ocimene and 
searched for candidates within this region. We then identified genes with upregulated 
expression in the genitals of male H. melpomene, where (E)-β-ocimene is produced. We 
confirmed the TPS function of our candidate genes by expression in E. coli followed by 
enzymatic assays.  
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Results 
Expansion of IDSs in genome of H. melpomene 
We identified candidates potentially involved in terpene synthesis by searching in 
the genome of H. melpomene for enzymes in the mevalonate pathway and isoprenyl 
diphosphate synthases (IDSs) using well-annotated Drosophila melanogaster orthologs 
(Table S1)(Lai et al. 1998; Bellés et al. 2005; Noriega et al. 2006). We identified reciprocal 
best blast hits for all enzymes, except for acetoacetyl-CoA thiolase (Fig. 2). There was a 
clear one to one relationship for all enzymes, except for the IDSs which showed evidence 
for gene duplication. Of these, Heliconius contains two putatuive farnesyl diphosphate 
synthases (FPPSs), four putative copies of decaprenyl pyrophosphate synthase (DPPS) 
subunit two, and six putative geranylgeranyl pyrophosphate synthases (GGPPSs) (Fig. 2).  
The biggest expansion found was that of the GGPPSs, which are IDSs that catalyse 
the addition of IPP to FPP to form GGPP. One of these, HMEL015484g1, shows 83% amino 
acid sequence similarity to the GGPPS of the moth Choristoneura fumiferana, which has 
previously been characterised in vitro to catalyse the production of GGPP from FPP and 
IPP (Barbar et al. 2013). HMEL015484g1 is also the best reciprocal blast hit with the 
GGPPS of D. melanogaster (Fig. 2). The other five annotated GGPPSs show less than 50% 
similarity to the moth GGPPS, such that their function is less clear.    
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Figure 2: Proposed biosynthetic pathway in H. melpomene. Reciprocal best blast hits are 
highlighted in bold. IDSs are in red and their products, IDs, in blue. The first two exons of 
HMEL007429g2 and the last exon of HMEL007429g3 are expressed as a single transcript 
(for transcript sequence see Table S1). 
 158 
QTL for (E)-β-ocimene production on chromosome 6 
In order to determine which of the genes identified above could be important for 
(E)-β-ocimene production in H. melpomene we took advantage of the fact that a closely 
related species, H. cydno, does not produce (E)-β-ocimene (Fig. 3A). These two species 
can hybridise and, although the F1 females are sterile, F1 males can be used to generate 
backcross hybrids. We bred interspecific F1 hybrid males and backcrossed these with 
virgin females of both species to generate a set of backcross mapping families. The (E)-β-
ocimene phenotype segregated in families backcrossed to H. cydno and so we focused on 
these families (Figure S1). Using quantitative trait locus (QTL) mapping with 114 
individuals we detected a single significant peak on chromosome six associated with (E)-
β-ocimene quantity (Fig. 3B). The QTL peak was at 36.4 cM, and the associated 
confidence interval spans 16.7-45.5 cM, corresponding to a 6.89Mb region containing 
hundreds of genes. The percentage of phenotypic variance explained by the peak marker 
is 16.4%, suggesting additional loci and/or environmental factor also contribute to the 
phenotype (Figure S2).   
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Figure 3: QTL for (E)-β-ocimene production. A) The two species used in the crosses, 
H. melpomene which produces (E)-β-ocimene, and H. cydno which does not. B) Genome-
wide scan for QTL underlying (E)-β-ocimene production.  C) QTL on chromosome 6 for (E)-
β-ocimene production. Confidence intervals (CI) as well as the positions of candidate 
genes (subunit 1 of decaprenyl diphosphate synthase (PDSS1) and the GGPPS cluster) in 
the region are marked. Black lines above x-axis represent the position of genetic markers 
and horizontal line shows genome wide significance threshold (alpha=0.05, LOD=2.97). 
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Patterns of gene expression identify HMEL037106g1 and 
HMEL037108g1 as candidates  
To identify candidate genes for (E)-β-ocimene production we searched within the 
confidence interval of the QTL peak. We found that subunit 1 of DPPS, as well as all six 
GGPPSs were found in this region (Fig. 3C). We then compared the expression levels of 
the seven genes found within the QTL using published RNA sequencing (RNA-seq) data 
(Walters et al. 2015). We first analysed data from H. melpomene male and female 
abdomens and heads, mapped to the H. melpomene reference genome. Since (E)-β-
ocimene is found in male abdomens in H. melpomene, we hypothesised that its synthase 
would be highly expressed in this sex and tissue. Only one gene showed male abdomen-
biased expression: HMEL037106g1 (Fig. 4A, Table S3, sex*tissue, t=-4.35, p<0.01). All 
other genes did not show a significant bias in this direction (Fig.4A, Table S3).  
We next compared gene expression between H. cydno and H. melpomene 
abdomens. If HMEL037106g1 is synthesising (E)-β-ocimene, we expect its expression to 
be higher in H. melpomene male abdomens than in H. cydno, given that H. cydno does not 
produce the compound. We generated a reference-guided assembly of H. cydno by 
aligning an existing H. cydno Illumina trio assembly (Malinsky et al. 2016), to the H. 
melpomene reference, followed by automated gene annotation (see Supplementary 
Information). We then manually identified H. cydno orthologs for our seven candidate 
genes and checked for differential expression between species and sexes. HMEL037106g1 
and HMEL037108g1 were the only genes showing greater male-biased expression in H. 
melpomene abdomens than in H. cydno abdomens (Fig. 4B, Table S4, HMEL037106g1, 
species*sex, t=3.15, p=<0.05; HMEL037108g1, species*sex, t=3.44, p<0.05). No other 
genes showed a significant bias in this direction (Fig. S3, Table S4). In summary, 
HMEL037106g1 and to a lesser extent HMEL037108g1 are primary candidate genes from 
within the QTL region. 
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Figure 4: Gene expression analysis of candidate genes. A) Expression of genes in H. 
melpomene heads and abdomens of males and females. HMEL037106g1 (highlighted) 
shows male abdomen-biased expression. B) Expression of genes in H. melpomene and H. 
cydno abdomens of males and females (expression of other genes in Fig. S3). Both 
HMEL037106g1 and HMEL037108g1 (highlighted) show greater male-biased expression in 
H. melpomene than H. cydno. Full model statistics in Table S3 and S4. N=5 for each 
boxplot. Gene expression is given in log2 of normalised counts (using the TMM (trimmed 
mean of M values) transformation).  
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Functional experiments demonstrate the TPS activity of HMEL037106g1 
and HMEL037108g1 
We cloned HMEL037106g1 and HMEL037108g1 into plasmids and were able to 
generate heterologous expression of both proteins in Escherichia coli. We then conducted 
enzymatic assays with the expressed proteins using precursors from different points in 
the pathway to characterise their enzymatic function (Fig. 1, 5).  
Firstly, we carried out assays with DMAPP and IPP, the two building blocks at the 
beginning of the terpene synthesis pathway to test for both IDS and TPS activity, as was 
seen in Ips pini (Fig. 1). HMEL037106g1 produced trace amounts of (E)-β-ocimene, 
linalool, another monoterpene, and nerolidol, a sesquiterpene, in this assay. This 
presumably occurs via the production of GPP and FPP, therefore HMEL037106g1 exhibits 
residual GPS and FPPS activity, as well as monoterpene synthase and sesquiterpene 
synthase activity to convert the GPP and FPP to (E)-β-ocimene, linalool, and nerolidol (Fig. 
5A, Table S6). HMEL037108g1 produced trace amounts of linalool (Fig 5C) and nerolidol 
from DMAPP and IPP. Again, this demonstrates residual GPS and FPPS activity to form the 
GPP and FPP, and then both monoterpene and sesquiterpene synthase activity to convert 
these to linalool and nerolidol (Fig. 5A, Table S7).  
We then carried out assays with GPP and IPP, as well as GPP alone to test for 
monoterpene synthase activity (Fig. 1). HMEL037106g1 showed monoterpene synthase 
activity, producing (E)-β-ocimene when provided with either GPP and IPP, or GPP alone 
(Fig. 5A, Table S6). Small amounts of (Z)-β-ocimene were also produced in treatments 
where (E)-β-ocimene was produced in large quantities (Table S6). In contrast to 
HMEL037106g1, HMEL037108g1 only produced (E)-β-ocimene in very small amounts 
from GPP (Table S9). Instead, linalool was produced in large amounts from GPP, 
suggesting that this enzyme is also acting as a monoterpene synthase but is responsible 
for production of linalool rather than (E)-β-ocimene (Fig. 5A, Table S7). HMEL037106g1 
also produced linalool, albeit in much smaller quantities (Fig. 5A, Table S6).  
Finally, we carried out assays with FPP and IPP to test for sesquiterpene synthase 
activity (Fig. 1). Although HMEL037106g1 exhibited small amounts of sesquiterpene 
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synthase activity through the trace production of nerolidol from DMAPP and IPP (Table 
S6), when provided with FPP alone, sesquiterpene synthase activity was not 
demonstrated, suggesting it is not the primary enzyme function (Fig. 5A, Table S6). In 
contrast, HMEL037108g1 did exhibit sesquiterpene synthase activity, producing large 
amounts of nerolidol when FPP was provided as a precursor (Fig. 5C, Table S7).  
Due to the linalool detected in treatments where (E)-β-ocimene was produced by 
HMEL037106g1, we tested whether linalool could be a metabolic intermediate between 
GPP and (E)-β-ocimene. However, HMEL037106g1 did not produce (E)-β-ocimene from 
linalool (Fig. S5, Table S8). The two stereoisomers of linalool, (S)-linalool and (R)-linalool, 
have different olfactory properties. We confirmed the stereochemistry of linalool 
produced by both enzymes and found that whilst HMEL037106g1 produced mainly (S)-
linalool, HMEL037108g1 produced a racemic mixture (Fig. S6).  
In summary, HMEL037106g1 is a monoterpene synthase, catalysing the 
conversion of GPP to (E)-β-ocimene (Fig. 5C, Table S9). HMEL037108g1 is a bifunctional 
monoterpene and sesquiterpene synthase catalysing the conversion of GPP to linalool as 
well as FPP to nerolidol (Fig. 5C, Table S9).  
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Figure 5: Functional characterisation of TPS activity of HMEL037106g1 and 
HMEL037108g1 from H. melpomene. A) Total ion chromatograms of enzyme products in 
the presence of different precursor compounds. HMEL037106g1 produces high amounts 
of (E)-β-ocimene in the presence of GPP, with trace amounts found in the treatment with 
DMAPP + IPP, and none with FPP. HMEL037108g1 produces large amounts of linalool with 
GPP, and nerolidol with FPP. 1, (E)-β-Ocimene; 2, Linalool; 3, Geraniol; 4, Nerolidol; IS, 
internal standard. Abundance is scaled to the highest peak of all treatments per enzyme. 
Quantification of peaks in Table S6 and S7. B) Confirmation of identity of (E)-β-ocimene by 
comparison of mass spectra of (E)-β-ocimene produced in experiments and a standard. C) 
Pathway of how (E)-β-ocimene and linalool are formed from GPP. 
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Functional experiments demonstrate the residual IDS activity of 
HMEL037106g1 and HMEL037108g1 
While the production of terpenes can be tested by direct GC/MS analysis of the 
products of each experiment, this method will not detect isoprenyl diphosphates, 
potentially missing IDS activity if it is present. In order to test for IDS activity, we repeated 
the above experiments with DMAPP and IPP, GPP and IPP, and FPP and IPP, followed by 
treatment with alkaline phosphatase to hydrolyse the isoprenyl diphosphate products to 
their respective alcohols. These alcohols can then be detected by GC/MS analysis.  
No further IDS activity was detected in either enzyme, apart from the residual IDS 
activity already determined above due to the trace amounts of terpenes produced from 
DMAPP and IPP. When either enzyme is provided with GPP, geraniol is produced, and 
when provided with FPP, large amounts of farnesol is produced, as expected from the 
dephosphorylation of the provided precursors, and this is seen in control conditions as 
well (Fig. S7, S8, Table S10, S11). As expected from the previous experiments, (E)-β-
ocimene is also produced when HMEL037106g1 is provided with GPP, and linalool and 
nerolidol are produced when HMEL037108g1 is provided with GPP and FPP, respectively. 
Geranylgeraniol is not produced in any treatments, demonstrating that neither 
HMEL037106g1 nor HMEL037108g1 is a GGPPS, as suggested by their annotation (Fig. S7, 
S8, Table S10, S11). In summary, both HMEL037106g1 and HMEL037108g1 only exhibit 
residual IDS activity.  
Evolutionary history of gene family containing Heliconius TPSs 
Lineage-specific expansions of gene families are often correlated with functional 
diversification and the origin of novel biological functions (Lespinet et al. 2002). We 
therefore carried out a phylogenetic analysis of GGPPS in Lepidoptera to investigate 
whether gene duplication could have played a role in the evolution of the TPSs 
HMEL037106g1 and HMEL037108g1. Orthologs of the H. melpomene GGPPSs were 
identified in H. cydno, Heliconius erato, Bicyclus anynana, Danaus plexippus, Papilo 
polytes, Pieris napi, Manduca sexta, Bombyx mori and Plutella xylostella (Challis et al. 
2016). Expansions of the GGPPS group of enzymes can be seen in Heliconius and in 
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Bicyclus, both groups in which terpenes form part of the pheromone blend (Bacquet et al. 
2015) (Fig. S9).  
To focus on the Heliconius-specific duplications, we made a phylogeny using the 
DNA sequence of transcripts from H. melpomene, H. cydno and H. erato. Heliconius 
melpomene and H. cydno belong to the same clade within Heliconius, with an estimated 
divergence time around 1.5 million years ago (Beltrán et al. 2002). Heliconius erato is 
more distantly related, belonging to a different Heliconius clade which diverged from the 
H. melpomene/H. cydno group around 10 million years ago (Kozak et al. 2015). Whilst (E)-
β-ocimene is not found in the genitals of H. cydno, it is found in the genitals of H. erato, at 
around one tenth the amount of H. melpomene (Darragh et al. 2019b). We hypothesised 
that duplications between the H. melpomene and H. erato clades may have resulted in 
subfunctionalisation and a more efficient H. melpomene enzyme facilitating increased (E)-
β-ocimene production. We found that both losses and gene duplications have occurred 
between the H. melpomene and H. erato clades, whilst gene copy number is conserved 
between closely-related H. melpomene and H. cydno (Fig. S10). The exact orthology 
between the H. erato and H. melpomene/H. cydno genes is unclear, but what is clear is 
that H. melpomene/H. cydno have more genes in this family than H. erato (Fig. S10), and 
that both clades have more genes than the ancestral lepidopteran state of one copy.  
We also found evidence for the formation of pseudogenes following gene 
duplication. The amino acid sequences from translations of two genes in H. melpomene, 
HMEL22305g1 and HMEL037104g1, do not contain complete functional protein domains. 
This is also seen for Herato0606.241 in H. erato. Furthermore, more recent pseudogene 
formation could be seen in the H. cydno ortholog of HMEL22306g3, which contained 
multiple stop codons, despite exhibiting transcription (Fig. S3).   
In order to determine the number of evolutionary origins of insect and plant TPSs 
we carried out a broader phylogenetic analysis, including other known insect and plant 
IDS and TPS proteins. Similar to the other insect TPSs described, Heliconius TPSs are not 
found within the same clade as plant ocimene synthases, representing an independent 
origin of ocimene synthesis in Heliconius and plants. Furthermore, the Heliconius TPSs do 
not group with known insect TPS enzymes in Hemiptera and Coleoptera (Fig. 6). Instead, 
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the Heliconius TPS enzymes group with GPP and GGPP synthases, rather than FPP 
synthases. The TPS enzymes of Heliconius are therefore of an independent evolutionary 
origin to other insect TPSs.  
Comparison of the amino acid alignment of known insect TPSs with the H. 
melpomene enzymes (Fig. S11) demonstrated that residues previously identified as 
conserved in insect TPSs (Lancaster et al. 2018), were not found in the H. melpomene 
TPSs. No residues were shared between all insect TPSs (including H. melpomene TPS), 
which were not also shared with the H. melpomene GGPPS. This further indicates 
independent convergent evolution of TPS function in H. melpomene. 
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Figure 6: Phylogenetic tree of GGPPS, FPPS, and TPS proteins of animals, fungi, and 
plants. The phylogeny was constructed by FastTree using the JTT (Jones-Taylor-Thornton) 
model of amino acid evolution. Local support values are illustrated. The tree was rooted 
with the ocimene synthase of Citrus unshiu. Full species names in Table S12.  
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A. grandis FPPS (Q56CY8)
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A. gossypii FPPS (C7EY43)
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Discussion 
Both plants and animals use terpenes as chemical signals, however, the terpene 
synthases that make them have been identified in only a few insect species. Ocimene is a 
common monoterpene and we have identified the first ocimene synthase in animals. We 
identify a region of the genome responsible for differences in ocimene production and 
discover a novel gene family within this region. We confirm ocimene synthase activity for 
one of these enzymes (HMEL037106g1), and terpene synthase activity in a closely related 
enzyme (HMEL037108g1). Neither of these genes are homologous to known plant TPSs 
and represent a novel TPS family in Heliconius. Furthermore, they are also very different 
from previously described insect TPSs. While the TPS enzymes of Hemiptera and 
Coleoptera are more closely related to FPPSs (Beran et al. 2016, 2019; Lancaster et al. 
2018), the H. melpomene TPSs are more closely related to GGPPSs. We do not find shared 
amino acid changes with other insect TPSs, strongly suggesting that TPS activity in 
Lepidoptera has arisen independently. Overall, the origin of the (E)-β-ocimene synthase 
activity in H. melpomene represents an excellent example of chemical convergence via 
the independent evolution of new gene function. 
Male Heliconius melpomene transfer ocimene to the female during mating. Within 
this context the biological function of HMEL037106g1 is clear, making the anti-
aphrodisiac compound (E)-β-ocimene. However, the in vivo role of HMEL037108g1 is less 
clear. It is found within the QTL interval and also shows higher expression in H. 
melpomene males relative to H. cydno. This enzyme acts as a multifunctional 
linalool/nerolidol synthase, which have previously been described in plants (Zhu et al. 
2014; Magnard et al. 2018). However, neither linalool or nerolidol are found in high 
amounts in the male abdomen (Darragh et al. 2019b). This apparent discrepancy may be 
due to the location or timing of expression in vivo (Beran et al. 2016). Another hypothesis 
is that in vivo GPP reacts with another substrate in the active site of HMEL037108g1, or 
that once linalool is produced it is metabolically channelled to another enzyme for further 
modification in vivo (Poshyvailo et al. 2017).This could also explain the lack of 
stereoselectivity in linalool formation. Further experiments will be required to determine 
if the other enzymes of this family not tested here exhibit TPS activity also.  
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Although we describe the first ocimene synthase in animals, ocimene synthases 
are likely to be found in other groups. Both Bombus terrestris and Apis mellifera use 
ocimene as a recruitment and larval pheromone, respectively (Granero et al. 2005; 
Maisonnasse et al. 2010). While the biosynthetic pathway is not known in these groups, a 
similar pathway to that proposed here has been suggested in A. mellifera (He et al. 2016). 
However, the existing data suggest that the loci responsible for ocimene synthesis are 
also likely to be independently evolved. Unlike H. melpomene, only one GGPPS is found in 
the Apis genome, whilst there are six FPPS genes, the result of lineage-specific 
duplications (Cheng et al. 2014). Although this needs to be confirmed by functional 
studies, based on the genomic patterns, we predict that convergence between 
Lepidoptera and Hymenoptera in the synthesis of ocimene also has an independent 
evolutionary origin.  
Our findings also highlight the role that gene duplication plays in the evolution of 
new gene functions. Gene duplication is thought to be important for the evolution of new 
functions, as one gene copy can evolve a new function by a process called 
neofunctionalization (Conant and Wolfe 2008), often resulting in large gene families with 
related but different functions. These families follow a birth-and-death model of 
evolution, expanding and contracting through gene duplication, formation of 
pseudogenes, and gene deletion (Roelofs and Rooney 2003; Nei and Rooney 2005). Plant 
TPSs follow these dynamics, making up a large family formed of seven subfamilies, with 
lineage-specific expansions (Tholl 2006; Chen et al. 2011). Gene duplication followed by 
neofunctionalization has resulted in closely-related enzymes which can produce different 
compounds, in some cases due to subcellular localisation (Nagegowda et al. 2008). 
Our data show a similar pattern of gene family diversification and suggest that 
gene duplication has facilitated the evolution of terpene synthesis in Heliconius. We 
uncover a lineage-specific expansion of GGPPSs in Heliconius. This novel gene expansion 
includes a number of pseudogenes, as well as two loci that possess TPS activity. A family 
of TPS genes has also been discovered in Phyllotreta striolata, where gene duplication is 
thought to have enabled functional diversification (Beran et al. 2016). Gene duplication 
can also facilitate enzyme specialisation by a process called subfunctionalization. In this 
case, an ancestrally multifunctional enzyme duplicates, resulting in two daughter copies 
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which split the ancestral functions, and can result in optimisation of these two functions 
(Conant and Wolfe 2008). Subfunctionalization might explain why neither Heliconius TPS 
shows significant IDS activity. In contrast to the multifunctional TPS/IDS enzyme from I. 
pini (Gilg et al. 2005, 2009), other insects have separate enzymes with IDS and TPS activity 
(Beran et al. 2016; Lancaster et al. 2018, 2019). One hypothesis is that an IDS enzyme 
initially gained TPS activity followed by gene duplication and subfunctionalization with 
enzymes specialised for different enzymatic steps. HMEL037106g1 is the first specialised 
monoterpene synthase described in animals.  
We have identified a novel family of TPSs in Heliconius butterflies which is 
unrelated both to plant TPSs and to the few examples of previously described insect TPSs. 
We confirm that terpene synthesis has multiple independent origins in insects, which are 
themselves independent from the evolution of terpene synthesis in plants. Despite their 
independent evolution, insect TPSs show significant structural similarities, having evolved 
from IDS-like proteins. To understand how this diversity has arisen we need to identify 
the functional amino acid changes and relate structure to function, a nascent area of 
research for this group of enzymes (Abdallah and Quax 2017). 
Materials and Methods 
Analysis of biosynthetic pathway in H. melpomene 
To identify genes involved in terpene biosynthesis we searched the H. melpomene 
genome (v2.5) on LepBase (Challis et al. 2016; Pinharanda et al. 2019) for genes in the 
mevalonate pathway and IDSs. Drosophila melanogaster protein sequences were 
obtained from FlyBase and used in BLAST searches (blastp) against all annotated proteins 
in the H. melpomene genome (Table S1) (Cheng et al. 2014; Thurmond et al. 2019). We 
used the BLAST interface on LepBase with default parameters (-evalue 1.0e-10 -
num_alignments 25) (Priyam et al. 2015; Challis et al. 2016). We then searched these 
candidate orthologs against the annotated proteins of D. melanogaster using the BLAST 
interface on FlyBase to identify reciprocal best blast hits. We included in our results other 
hits with an e-value smaller than 1e-80. 
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Crossing for quantitative trait linkage mapping 
To map the genetic basis of ocimene production we crossed H. melpomene, which 
produces (E)-β-ocimene, to H. cydno, a closely related species which does not. We 
crossed these two species to produce F1 offspring and backcross hybrids in both 
directions. Female F1s are sterile and so we mated male F1s to H. cydno and H. 
melpomene virgin stock females to create backcross families. Families created by 
backcrossing to H. melpomene had a phenotype similar to pure H. melpomene, suggesting 
the H. melpomene phenotype is dominant. While we used 265 individuals to create the 
linkage map, we focused on backcross families in the direction of H. cydno, where the (E)-
β-ocimene phenotype segregates for the QTL mapping (Figure S1). We phenotyped and 
genotyped 114 individuals from 15 backcross families in the direction of H. cydno. Bodies 
were stored in dimethyl sulfoxide (DMSO) and stored at −20∘C for later DNA extraction.  
Genotyping and linkage map construction 
DNA extraction was carried out using Qiagen DNeasy kits (Qiagen). As previously 
described, individuals were genotyped either by RAD-sequencing (Davey et al. 2017; 
Byers et al. 2019; Merrill et al. 2019), or low-coverage whole genome sequencing using 
Nextera-based libraries (Picelli et al. 2014; Byers et al. 2019). A secondary purification 
using magnetic SpeedBeads™ (Sigma) was performed prior to Nextera-based library 
preparation. Libraries were prepared following a method based on Nextera DNA Library 
Prep (Illumina, Inc.) with purified Tn5 transposase (Picelli et al. 2014). PCR extension with 
an i7-index primer (N701–N783) and the N501 i5-index primer was performed to barcode 
the samples. Library purification and size selection was done using the same beads as 
above. Pooled libraries were sequenced by BGI (China) using HiSeq X Ten (Illumina). 
Linkage mapping was conducted following (Byers et al., 2019), using standard Lep-
MAP3(LM3) pipeline (Rastas 2017). Briefly, fastq files were mapped to the H. melpomene 
reference genome using BWA MEM (Li 2013). Sorted bams were then created using 
SAMtools and genotype likelihoods constructed (Li et al. 2009). The pedigree of 
individuals was checked and corrected using IBD (identity-by-descent) and the sex 
checked using coverage on the Z chromosomes by SAMtools depth. A random subset of 
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25% of markers were used for subsequent steps. Linkage groups and marker orders were 
constructed based on the H. melpomene genome and checked with grandparental data.  
The map constructed contained 447,820 markers. We reduced markers by a factor 
of five evenly across the genome resulting in 89,564 markers with no missing data to 
facilitate computation. We log-transformed amounts of ocimene produced to conform 
more closely to normality. Statistical analysis was carried out using R/qtl (Broman et al. 
2003). We carried out standard interval mapping using the scanone function with a non-
parametric model, an extension of the Kruskal-Wallis test statistic. The analysis method 
for this model is similar to Haley-Knott regression (Haley and Knott 1992). We used 
permutation testing with 1000 permutations to determine the genome-wide LOD 
significance threshold. To obtain confidence intervals for QTL peaks we used the function 
bayesint. Phenotype data, pedigree, linkage map and R script is available from OSF 
(https://osf.io/3z9tg/?view_only=63ba7c0767a84d8eb907fbf599df062f). Sequencing 
data used for the linkage maps is available from ENA project ERP018627 (Byers et al. 
2019).  
Phenotyping of (E)-β-ocimene production 
Chemical extractions were carried out on genital tissue of mature (7-14 days post-
eclosion) male individuals of H. melpomene, H. cydno, and hybrids (for details of butterfly 
stocks please see SI Material and Methods). Genitals were removed using forceps and 
soaked, immediately after dissection, in 200μl of dichloromethane containing 200 ng of 2-
tetradecyl acetate (internal standard) in 2ml glass vials with polytetrafluoroethylene-
coated caps (Agilent, Santa Clara, California). After one hour, the solvent was transferred 
to a new vial and stored at −20 ∘C until analysis by gas chromatography-mass 
spectrometry (GC-MS). For details of GC-MS analysis please see SI Materials and 
Methods.  
RNA sequencing analysis 
Gene expression analyses were performed using already published RNA-seq data 
from heads and abdomens of H. melpomene and H. cydno from GenBank BioProject 
PRJNA283415 (Walters et al. 2015). Although it would be possible to map the H.cydno 
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RNA-seq reads to H. melpomene due to high genome sequence similarity, that might lead 
to biases associated with reads carrying H. cydno specific alleles. To accurately quantify 
gene expression in H. cydno we generated an assembly and annotation of the H. cydno 
genome using sequencing data available from ENA study ERP009507 (Davey et al. 2017). 
We then manually identified the H. cydno orthologs of our seven candidate genes (Table 
S2) and curated the annotation to make it compatible with RNA-seq analysis software (for 
details of the assembly and annotation please see SI Materials and Methods). We 
performed quality control and low quality base and adapter trimming on the RNA-seq 
data using TrimGalore! (Martin 2011). We then mapped the reads to the H.melpomene 
genome v2.5 (Davey et al. 2016) and our newly assembled H.cydno genome using STAR 
(Dobin et al. 2013). featureCounts (Liao et al. 2014) was used to produce read counts that 
were normalised by library size with TMM (trimmed mean of M values) normalisation 
(Robinson and Oshlack 2010) using the edgeR package in R (Robinson et al. 2010). To test 
for differences in expression of our candidate genes, we used the voom function from the 
limma package in R (Law et al. 2014), which fits a linear model for each gene by modelling 
the mean-variance relationship with precision weights.  
To test for male abdomen-biased expression within H. melpomene we included 
two fixed effects, sex and tissue, as well as including individual as a random effect 
(expression ~ sex + tissue + sex*tissue + (1|individual)). We were looking for genes with a 
significant interaction between sex and tissue, showing higher expression in male 
abdomens. To test for differences in expression between H. melpomene and H. cydno 
abdomens we included two fixed effects, sex and species, as well as an interaction term 
(expression ~ sex + species + species*tissue). We were interested in finding differences in 
the extent of sex-bias between species, again detected by a significant interaction term 
with higher expression in H. melpomene male abdomens.  
P-values were corrected for multiple testing using the Benjamini-Hochberg 
procedure for all genes in the genome-wide count matrix (17902 for H. melpomene). For 
the interspecific comparison we identified genome wide orthologs from the annotation 
and produced a gene count matrix including both species. The ortholog list was limited to 
genes that had only one ortholog in each species (11571 genes). Scripts are available from 
OSF (https://osf.io/3z9tg/?view_only=63ba7c0767a84d8eb907fbf599df062f).  
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In vitro expression and enzymatic assays 
For more details of the expression and enzymatic assays please see SI Materials 
and Methods. Briefly, cDNA libraries were synthesised from RNA extracted from male 
abdominal tissue of H. melpomene. Genes of interest were amplified by PCR with gene-
specific primers (Table S5), purified, sequenced for confirmation, ligated into expression 
plasmids, and transformed into competent Escherichia coli cells. Cell cultures were grown 
to an OD600 of 0.5 were induced with 1mM IPTG and cultivated for a further two hours 
before collection by centrifugation. Cells were resuspended in assay buffer and sonicated.   
TPS and IDS activity was assayed using the soluble fraction of the cell lysate. We 
added either DMPP and IPP, GPP and IPP, FPP and IPP, or GPP alone. We also tested for 
enzymatic activity with (R)-linalool and (S)-linalool. For TPS activity assays, reactions were 
immediately stopped on ice and extracted with hexane. For IDS activity assays, reaction 
mixtures were incubated with alkaline phosphatase to hydrolyse the pyrophosphates 
before hexane extraction. Prior to analysis by GC-MS, an internal standard was added and 
samples concentrated. Products were compared to control experiments without protein 
expression. For details of GC-MS analysis please see SI Materials and Methods.  
Phylogenetic analysis 
To identify orthologs of the GGPPS in other Lepidoptera we searched protein 
sequences from H. melpomene version 2.5 (Davey et al. 2016, 2017) against the genomes 
of H. erato demophoon (v1), Bicyclus anynana (v1x2), Danaus plexippus (v3), Papilo 
polytes (ppol1), Pieris napi (pnv1x1), Manduca sexta (msex1), Bombyx mori 
(asm15162v1), and Plutella xylostella (pacbiov1), using the BLAST interface (tblastn) on 
LepBase (Priyam et al. 2015; Challis et al. 2016). We also included the previously 
identified orthologs from the H. cydno genome (Table S2). To check that the predicted 
orthologs contained functional protein domains we used the NCBI conserved domain 
search with default parameters (Marchler-Bauer et al. 2015). We deleted any proteins 
found without complete functional domains, including a gene from H. erato, 
Herato0606.241. We also did not include the H. cydno ortholog of HMEL22306g3 in the 
 176 
protein tree, as despite showing transcription (Fig. S3), there were multiple stop codons 
within the coding region. 
To focus on the Heliconius-specific duplications, we downloaded the transcript 
sequences for the H. melpomene and H. erato proteins from LepBase and exported 
transcripts for predicted genes in Apollo for H. cydno. (Table S2). We used gene 
Herato0606.245 (GGPPS, shows high similarity to the GGPPS of the moth Choristoneura 
fumiferana) to root the tree.  
To investigate the evolutionary relationship of the Heliconius GGPPS we carried 
out a broader phylogenetic analysis with other known insect and plant IDS and TPS 
proteins. Protein sequences for these additional enzymes were downloaded from Uniprot 
(The UniProt Consortium 2019). Heliconius protein sequences were obtained as described 
above. We used an ocimene synthase enzyme from Citrus unshiu to root the tree.  
We aligned amino acid or DNA sequences using Clustal Omega on the EMBL-EBI 
interface (Madeira et al. 2019). Alignments were visualised using BoxShade 
(https://embnet.vital-it.ch/software/BOX_form.html). Phylogenies were inferred using 
FastTree, a tool for creating approximately-maximum-likelihood phylogenetic trees, with 
default parameters (Price et al. 2009, 2010). These phylogenies were plotted using the 
package ape and evobiR in R version 3.5.2. (Adams 2015; Paradis and Schliep 2018; R Core 
Team 2018). To ensure correct placement of support values when re-rooting trees we 
checked phylogenies using Dendroscope (Huson and Scornavacca 2012; Czech et al. 
2017). Phylogenies and R code are available from OSF 
(https://osf.io/3z9tg/?view_only=63ba7c0767a84d8eb907fbf599df062f). 
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Supplementary Information  
Butterfly stocks  
Outbred stocks of Heliconius melpomene rosina and H. cydno chioneus were 
established from wild individuals collected in Gamboa (9˚7.4’ N, 79˚42.2’ W, elevation 60 
m) in the nearby Soberania National Park, San Lorenzo National Park (9°17’N, 79°58’W; 
elevation 130 m), and in Altos de Campana National Park (8°69’ N, 79°92’ W; elevation 
900 m). Stocks were maintained in insectaries at the Smithsonian Tropical Research 
Institute (STRI) facilities in Gamboa, Panama. Individuals for this study were reared under 
ambient conditions between January 2016 and January 2018. Larvae were reared on 
Passiflora platyloba. Adult male butterflies were kept in cages with other males and 
provided with approximately 20% sucrose solution with access to at least one of 
Psychotria poeppigiana, Gurania eriantha, Psiguiria triphylla and Psiguria warscewiczii as 
pollen sources. 
GC/MS analysis 
DMAPP (90%), GPP (95%) and IPP (95%) were purchased from Sigma. FPP was 
purchased from VWR (98%). (R)-Linalool was purchased from Merck (95%). (S)-Linalool 
was purchased from Sigma as coriander oil and purified through column chromatography. 
Extracts from adult butterflies, and samples from in vitro experiments were 
analysed by gas chromatography/mass spectrometry (GC/MS) using an Agilent (model 
5977/5975) mass-selective detector connected to an Agilent GC (model 7890B/7890A) 
with electron impact ionisation (70eV). This instrument was equipped with an Agilent ALS 
7693 autosampler and an HP-5MS fused silica capillary column (Agilent) (length 30 m, 
inner diameter 0.25 mm, film thickness 0.25 µm). Injection was performed in splitless 
mode (injector temperature 250∘C) with helium as the carrier gas (constant flow of 1.2 
ml/min). The temperature programme started at 50∘C for 5 min, and then rose at a rate 
of 5∘C /min to 320∘C, before being held at 320∘C for 5 min. The compounds were 
identified through comparison with retention time and mass spectra of standard samples. 
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Chiral analysis of linalool was performed in an Agilent 7820A gas chromatograph 
equipped with flame ionization detector (FID), using a chiral column Beta DEX 225 (length 
30m, inner diameter 0.25mm, film thickness 0.25µm, Supelco). The oven program started 
at 50°C for 1 minute, followed by increasing the temperature at a rate of 3°C/min until 
210°C, keeping this temperature for 5 minutes. Samples were injected in splitless mode 
and flow of 1.65 mL/min. The peak areas were used to calculate the percentage of each 
stereoisomer. 
Heliconius cydno guided assembly and annotation transfer 
H. cydno and H. melpomene had their most recent common ancestor 1.5 million 
years ago and their absolute divergence is roughly 3% (dxy ~0.03) (Kozak et al. 2015; 
Martin et al. 2016). Due to this high degree of similarity, it is possible to map H. cydno 
RNA-seq reads to the H. melpomene genome. However, we wanted to accurately quantify 
gene expression in existing H. cydno samples (GenBank BioProject PRJNA283415 (Walters 
et al. 2015)) by reducing potential biases associated with RNA-seq reads carrying H. cydno 
specific alleles. RNA-seq reads from H. cydno with such variants have a lower probability 
to map correctly to the existing H. melpomene reference. This biases quantification and 
increases false positive rates, documented extensively, specifically in the context of allele-
specific expression studies. (Degner et al. 2009). 
A H. cydno trio (mother, father and progeny) was previously Illumina sequenced 
(ENA study ERP009507) and assembled into maternal and paternal genomes with trio-sga 
(Malinsky et al. 2016). The paternal genome had 34,566 scaffolds, a total size of 
270,339,622 bp and a scaffold N50 of 25,716 bp, with 551 kb of gaps (paternal trio fasta 
file available from OSF 
(https://osf.io/3z9tg/?view_only=63ba7c0767a84d8eb907fbf599df062f)). To improve 
gene contiguity we used the progressiveCactus algorithm (v3) to align the H. cydno 
paternal haplotypic assembly to the chromosomal version of the H. melpomene genome 
(v2.5, Paten et al. 2011a,b; Davey et al. 2016). The HAL database created by 
progressiveCactus was loaded to Ragout (v1.2, Kolmogorov et al. 2014) to produce the 
final H. cydno reference-guided assembly (H. cydno reference fasta file; ordering 
information and unplaced scaffolds available from OSF 
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(https://osf.io/3z9tg/?view_only=63ba7c0767a84d8eb907fbf599df062f). The H. cydno 
guided assembly has 58 scaffolds, a total size of 261,056,210 bp, a scaffold N50 of 
13,724,118 bp, and 8.3 Mb of gaps.  
We then transferred the H. melpomene annotation (v2.5) to the H. cydno 
assembly. We used EMBOSS Seqret (v6.6.0.0) to convert the H. melpomene annotation 
file to the embl format (Rice et al. 2000) and we used RATT to transfer the H. melpomene 
annotation (reference) to the guided H. cydno genome (query). RATT is part of PAGIT, a 
post-assembly genome-improvement toolkit (v1.0) (Swain et al. 2012). We searched for 
synteny between the reference and the query using MUMmer (v4.0) and detected 
possible errors such as start and stop codons or frameshift mutations (Kurtz et al. 2004). 
After correcting such errors with the RATT pipeline the annotation transfer to H. cydno 
was complete (Otto et al. 2011). 
To ensure that our genes of interest from H. melpomene (those identified in Table 
S1) were correctly annotated we manually curated these genes in the H. cydno 
annotation. To find orthologs in H. cydno we used the BLAT function in Apollo to search 
for H. melpomene exons (Kent 2002; Lewis et al. 2002). We checked the gene models for 
splice sites and start and stop codons. The curated gene models were then exported from 
Apollo and manually included in the H. cydno annotation. We then subset the annotation 
to include only exons, because CDS sequences had not been properly annotated 
(Updatedannotation.gff). We then converted it to gtf file format using the gffread 
function of Cufflinks (Hcyd1.0_annotV2.gtf) (Trapnell et al. 2012) and filtered out exons 
longer than 30,000 base pairs (Hcyd1.0_annotV2.gtf; gtf_modify_Hcyd_annotV2.R). We 
finally used the gtf_modify_Hcyd_annotV3.R script to include unique H. cydno gene-ids 
(Hcyd1.0_annotV3.gtf). 
In vitro expression and enzymatic assays 
RNA extraction from male abdominal tissue of H. melpomene was carried out 
following a standard TRIzol protocol (Invitrogen) and cDNA synthesised using 5x iScript 
Reaction Mix (Bio-Rad). Following the protocol from Champion™ pET101 Directional 
TOPO™ Expression Kit (Invitrogen), we amplified the full-length transcript of genes of 
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interest from the cDNA by PCR using Q5 High-Fidelity 2x Master Mix (Biolabs), with gene-
specific primers (Table S5). The primers were designed for full-length transcript 
amplification. The PCR products were purified using a MiniElute PCR purification kit 
(Qiagen) and then sequenced to confirm identity (Table S5). Following sequencing, the 
PCR products were ligated into the expression vector pET101/D-TOPO® and transformed 
into One Shot® TOP10 Chemically Competent Escherichia coli cells. Plasmids were 
extracted from cultures of successful colonies using the QIAprep Spin Miniprep Kit 
(Qiagen) and sequenced again to confirm correct ligation in the vector using the T7 and 
T7-reverse primers (Table S5).  
Plasmids containing the genes of interest in the correct orientation were 
transformed into Escherichia coli strain BL21 Star™(DE3) for expression. Cell cultures were 
grown to an OD600 of 0.5 and induced with 1mM IPTG. After induction, the cells were 
cultivated for a further two hours at 37°C and 250rpm, before collection by centrifugation 
for 15 minutes at 6000xg at 4°C. Expression of protein was verified using sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS/PAGE). Pellets were resuspended in 
chilled extraction buffer (25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid pH 
7.5, 1 mM MnCl2, 100 mM KCl, 3 mM dithiothreitol, 10% glycerol, protease inhibitor 
cocktail (Sigma)) and disrupted by sonication. Cell lysates were then centrifuged for 10 
minutes at 9000xg at 4°C and the supernatant (containing the soluble part of the cell 
lysate) retained. 
TPS and IDS activity was assayed using the soluble fraction of the cell lysate. 
Protein concentration was estimated using a Qubit® Protein Assay Kit (Invitrogen). 80-
100ng of protein was added to each reaction in a total volume of 300µl. We added 
different precursors from different steps in the pathway (Fig. 1) to characterise enzymatic 
activity. Experiments were incubated at 30°C for two hours at 200rpm.  
Firstly, we added DMAPP and IPP (100µM each), the two building blocks at the 
beginning of the pathway. To form a terpene from these compounds, they first need to 
be combined to form GPP, which can then be converted to a terpene by TPS activity. If 
the enzyme is a multifunctional GPPS/TPS, as in Ips pini, monoterpenes should be formed 
from DMAPP and IPP, via the production of GPP. Furthermore, if FPPS or GGPPS activity is 
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present, FPP or GGPP could be formed from DMAPP and IPP, as well as sesquiterpene or 
diterpenes if sesquiterpene or diterpene synthase activity is exhibited. We then carried 
out assays with GPP (100µM) and IPP (50µM). If the enzyme solely exhibits monoterpene 
synthase activity, the monoterpene could only be formed from GPP directly and not from 
DMAPP and IPP. Furthermore, the enzyme could be an FPPS or GGPPS, and could 
therefore produce FPP or GGPP from GPP and IPP. FPP and GGPP could be converted to 
sesquiterpenes or diterpenes if sesquiterpene or diterpene synthase activity is exhibited. 
We also tested with GPP alone (100µM) to test for monoterpene synthase activity 
directly. Finally, we carried out assays with FPP (100µM) and IPP (50µM). If the enzyme is 
a GGPPS as annotated, it should form GGPP from FPP and IPP, as well as potentially 
converting GGPP to diterpenes. This is also a test for sesquiterpene synthase activity, as 
sesquiterpenes should be formed from FPP if the enzyme is a sesquiterpene synthase. We 
also tested for enzymatic activity with (R)-linalool and (S)-linalool (100µM). 
To test for IDS activity, we repeated the above experiments with DMAPP and IPP, 
GPP and IPP, and FPP and IPP, followed by treatment with alkaline phosphatase to 
hydrolyse the isoprenyl diphosphate products to their respective alcohols. These alcohols 
can then be detected by GC/MS analysis.  
Dephosphorylation of GPP produces the monoterpene alcohol geraniol, whilst 
dephosphorylation of FPP produces the sesquiterpene alcohol farnesol. Our expectations 
for controls, without IDS or TPS enzymatic activity, is to find geraniol when GPP is 
provided, and farnesol when FPP is provided. Linalool is a monoterpene alcohol which is 
an isomer of geraniol, and nerolidol is a sesquiterpene alcohol which is an isomer of 
farnesol. Furthermore, geranylgeraniol is a diterpene alcohol derived from the 
dephosphorylation of GGPP. If an enzyme is exhibiting IDS activity, we expect it to be able 
to catalyse the condensation of IPP and the other precursor provided, DMAPP, GPP, or 
FPP, to form larger molecules. Therefore, when provided with DMAPP and IPP, we expect 
to find either monoterpene or sesquiterpene alcohols, derived from GPP or FPP. When 
provided with GPP and IPP, we expect sesquiterpene alcohols derived from FPP.  When 
provided with FPP and IPP, we expect larger diterpene alcohols, such as geranylgeraniol, 
to form via the formation of GGPP.  
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For TPS activity assays, reactions were stopped on ice and overlaid with 250µl 
hexane and left at 25°C overnight. The hexane layer was then transferred to a new vial 
and stored at -80°C. For IDS activity assays, following incubation with the precursors, 20 
units of alkaline phosphatase (Sigma) in alkaline phosphatase buffer was added to each 
reaction mixture and incubated at 30°C for four hours at 200rpm. Following this, 250µl 
hexane was added and left at 25°C overnight. The hexane layer was then transferred to a 
new vial and stored at -80°C. Prior to analysis by GC/MS, 20 µL of a solution of 2-
acetoxytetradecane in hexane (10 µg/mL) was added as an internal standard, and 
samples concentrated to a volume of approximately 30 µL. Products were compared to 
control experiments without protein expression. 
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Figure S1: Amount of (E)-β-ocimene (ng) in both pure parental species, F1 hybrids, 
and backcrosses in both directions. The phenotype segregates in backcrosses to H. cydno 
and, therefore, we focused on this cross direction. 
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Figure S2: Effect plot for QTL peak on chromosome 6. Log amount of (E)-β-ocimene 
produced by each genotype at the marker with the highest LOD score. Individuals 
homozygous for H. cydno alleles produce less (E)-β-ocimene than heterozygotes with a H. 
melpomene allele.  
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Figure S3: Log2-expression of the candidate genes in H. melpomene and H. cydno 
abdomens in males and females. females. Both HMEL037106g1 and HMEL037108g1 
(highlighted in bold) show greater male-biased expression in H. melpomene than H. 
cydno. Full model statistics in Table S4. N=5 for each boxplot. Gene expression is given in 
the log2 of the normalised counts using TMM (trimmed mean of M values) normalisation.  
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Figure S4: Control experiments (protein expression uninduced) for the functional 
characterisation of TPS activity of A) HMEL037106g1 and B) HMEL037108g1 from H. 
melpomene. Total ion chromatograms of products in the presence of different precursor 
compounds. (E)-β-Ocimene is not produced in any treatments. Linalool and geraniol are 
produced in small amounts in both, likely due to endogenous bacterial activity. 1, Linalool; 
2, Geraniol; *, contaminant from medium; IS, internal standard. Abundance is scaled to 
the highest peak of all panels per enzyme. Quantification of peaks in Table S6 and S7. 
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Figure S5: Linalool is not metabolized into ocimene by HMEL037106g1. A) Total 
ion chromatograms of enzymatic products in the presence of different linalool 
stereoisomers. No enzymatic activity is detected. B) Total ion chromatograms of control 
experiments (protein expression not induced) in the presence of different Linalool 
stereoisomers. Again, as expected, no enzymatic activity is detected. 1, Linalool; *, 
contaminants from medium; IS, internal standard. Abundance is scaled to the highest 
peak of all panels. Quantification of peaks in Table S8. 
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Figure S6: Chiral analysis of linalool produced by HMEL037106g1 and 
HMEL037108g1. A) Linalool produced in experiments with HMEL037106g1 is mainly (S)-
linalool (ratio 97:3, S:R), B) linalool produced in experiments with HMEL037108g1 is a 
racemic mixture (ratio 54:56, S:R), C) (R)-linalool, D) (S)-linalool, E) Racemic linalool 
mixture.  
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Figure S7: Functional characterisation of IDS activity of HMEL037106g1 from H. 
melpomene. A) Total ion chromatograms of enzymatic products in the presence of 
different precursor compounds, following treatment by alkaline phosphatase. GPP is 
dephosphorylated to produce geraniol, and FPP to produce farnesol, demonstrating that 
the main function of HMEL037106g1 is not as an IDS. B) Total ion chromatograms of 
control experiments (protein expression not induced) in the presence of different precursor 
compounds, following treatment by alkaline phosphatase. As expected, GPP is 
dephosphorylated to geraniol, and FPP to farnesol. 1, (E)-β-Ocimene; 2, Linalool; 3, 
Geraniol; 4, Farnesol; *, contaminant from medium; IS, internal standard. Abundance is 
scaled to the highest peak of all panels. Quantification of peaks in Table S10.  
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Figure S8: Functional characterisation of IDS activity of HMEL037108g1 from H. 
melpomene. A) Total ion chromatograms of enzymatic products in the presence of 
different precursor compounds, following treatment by alkaline phosphatase. As in Figure 
S6, GPP is converted to linalool and FPP to nerolidol, with remaining GPP 
dephosphorylated to geraniol, and FPP to farnesol. HMEL037108g1 is acting as a mono- 
and sesquitepene synthase, not an IDS. B) Total ion chromatograms of control 
experiments (protein expression not induced) in the presence of different precursor 
compounds, following treatment by alkaline phosphatase. GPP is dephosphorylated to 
geraniol and FPP to farnesol. 1, Linalool; 2, Geraniol; 3, Nerolidol; 4, Farnesol; *, 
contaminant from medium; IS, internal standard. Abundance is scaled to the highest peak 
of all panels. Quantification of peaks in Table S11.  
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Figure S9: Unrooted phylogenetic tree showing the relationships between protein 
sequences of GGPPSs in Lepidoptera. The tree was obtained from FastTree, a tool for 
creating approximately-maximum-likelihood trees, using the JTT (Jones-Taylor-Thornton) 
model of amino acid evolution. Local support values are illustrated.   
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Figure S10: Phylogenetic tree of genes annotated as GGPPSs in Heliconius 
melpomene, H. cydno, and H. erato, including HMEL037106g1 and HMEL037108g1 (*) 
which act as TPSs. The phylogeny was constructed in FastTree using the Jukes-Cantor 
model of nucleotide evolution. Well-supported branches are illustrated. The H. erato gene 
Herato0606.245 (GGPPS, shows high similarity to the GGPPS of the moth Choristoneura 
fumiferana) was used to root the tree.   
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Hmel_GGPPS 1 -------------------------------------------------------MSLV-
Hmel_TPS_2 1 -------------------------------------------------------MDVQK
Hmel_TPS_1 1 ---------------------------MSE---------------------TEVHVVKVN
Mhistr_TPS 1 ------------MVSIAAKSLPKLSGAVFG-------------------------QFSRR
Ip_IDS_TPS 1 MFKLAQR---------LPKSVSSLGSQLSKNAPNQLAAATTSQLINTPGIRHKSRSSAVP
Pstri_TPS3 1 --MLYVLKNYNLNYSIVSKVPLHFRSLC----------------------------SLLQ
Pstri_TPS4 1 MFAICKVVNYYSSCRIIPKVSGNFGTLLQRSF---------------------NRAFSCE
Pstri_TPS1 1 MFLLPRLKNFTRSNSPARKLFSPK----SN-------------------------SFS--
Pstri_TPS2 1 ------------------------------------------------------------
Pstri_TPS2 1
Hmel_GGPPS 5 KSKDGDKNQD------------------EKLLMP--FTYIQQVPGKQIRSKLTLAFNYWL
Hmel_TPS_2 6 ISENSDLYME------------------NELLLP--YNHVLQVSGKQMRMKIVKALNHWL
Hmel_TPS_1 13 GKENDDLFLE------------------KEILAP--FSHICQVKGKQLRIKIMRAFNHWL
Mhistr_TPS 24 KQLIQRHWL--------DTRTDQYYDVLRRIVVPECKNIASDVPEYPERIEKLLYYTNPA
Ip_IDS_TPS 52 SSLSKSMYDHNEEMKAAMKYMDEIYPEVMGQIEK--VPQYEEIKPILVRLREAIDYTVPY
Pstri_TPS3 31 KK-NNRPLVD--I-SVEEGPLRSVYPAIREEIIEEHLVLK-GNSELRDRCEKLLDYNANV
Pstri_TPS4 40 IE-ANEPFVD--L-FSEEEHLKSMLPAVKEEIIEEHLVLHKDNKEIRNRCEKLIDYNINT
Pstri_TPS1 30 ----STPHDD-GFFKHEMDELKTYYPLMVQDLTDA-ISQYKQFPGLLERFPVLMDYTVTH
------MYTQ-DFFLDEYNEIMAYYPKVIEQVRN--WTFIKEYQGLPDRYTNYMNYNVDV
Hmel_GGPPS 45 -----------------RV------SDD---KLRAIGEIVQMLHNSSLLLDDIQDNSILR
Hmel_TPS_2 46 -----------------KV------PEG---DMENIVNLIHMIHAASLLLDDIQDDSKLR
Hmel_TPS_1 53 -----------------QA------SEV---DVMKALGIVNSLHVASLLIDDVQDDSTLR
Mhistr_TPS 76 F---SDAWNFTTELIYRTVADESHQTEENITKMYLIRATMDLLFTMSAVLDDISDRSEFR
Ip_IDS_TPS 110 GKR-F--KGVHIVSHFKLLADPKFITPENVKLSGVLGWCAEIIQAYFCMLDDIMDDSDTR
Pstri_TPS3 86 ETP-FLSASLIFLHTYKLLEKPSLLNHENLKKAYILAWCHKLIHSSININDDIIDRSNIR
Pstri_TPS4 96 ESK-FLTFPLIFLRTYKLLEKPALLNDENLKKACILAWCHRLIHASVIISDDIVDDSEMR
Pstri_TPS1 84 DDPYFLSSAVLPLYFYKAVEESDKLTEENIKRACLMSWAYRTLETSQIIVDDILDKSEVR
Pstri_TPS2 52 KDTKRMATALFTLYSYKHLEQPEKQTDENLRKAIAMAWAFRMAEASQLTLDDVLDNSLTR
Hmel_GGPPS 79 RGIPVAHSIYGIAST--INAANY---VIIIALEKTLKLGHPLA---TTVYTEQLLELHRG
Hmel_TPS_2 80 RGLPAAHNVYGVPLT--LNASCH---AIFLVLIKSYDIN-PKV---SKIMVESFLWGLRG
Hmel_TPS_1 87 RGMPAAHCVYGVPLT--VNTSLH---AMFLVLEEAFAVD-PKA---AKLLVEDFLEMCRG
Mhistr_TPS 133 KGKKGWHMICQGGESTALYDGTQMGLFPLYLLKQY-FKNDPGYSRLLETVVMTYIKLTIG
Ip_IDS_TPS 167 RGKPTWYKLPGIGLN-AVTDVCLMEMFTFELLKRY-FPKHPSYADIHEILRNLLFLTHMG
Pstri_TPS3 145 YNKTTWYQLPDVGKDAAIVDAAFLLNGAIFLLQNH-LRCLPHQYIMQKHFLRAHAIMNLS
Pstri_TPS4 155 YNKTTWCKLPDVGKEDAITDAAFLLTGAIFLLQNH-LRHHPHNFILQKHFLRGYAFINVS
Pstri_TPS1 144 YNKPAWYKKDGVSMELTILDSHYLATGAYMVLTKR-LAGHPCCLDILDLYAEEMFVMIIA
Pstri_TPS2 112 YMKPAWHKLEGTNN--AVLDAFFVENAAYLILQEE-MRDHPQFLNIVKLLKEYYLMLVVG
Hmel_GGPPS 177 DFTKLSSLLGLYFQIRDDYCNLCLREY------------SENKSYCEDLTEGKFSFPIIH
Hmel_TPS_2 177 DYSKIISIMGRLFQIRDDYCNLKHREALEEWPGEDDIEVIRDHDFCEDITEGKFSFPVIH
Hmel_TPS_1 184 DYSELVLLMGRYFQIRDDYCNLSQQEALEEWPGAEDLQVCKNDSFCEDITEGKISLPIIH
Mhistr_TPS 242 KTVEIFTIAGQIIQTWDDFNDYYSSSEQN-------GK------LSCDFMNAGTTWVSAK
Ip_IDS_TPS 283 QLDPVLMRIGMMHQSQNDFKDLYRDQGEV-------LKQAEKSVLGTDIKTGQLTWFAQK
Pstri_TPS3 248 VCEEICNDLSRFIRIEDDVVDLYDSEGNI-------RKT-----SCTDISLGRPSWLTME
Pstri_TPS4 258 VSDEICNDISQYLKVEDDVIDLYDSKGKI-------R-------KCTDISLGRPSWFLME
Pstri_TPS1 251 CMKKFSVPMSRFFQVQNDFSGVFEEESKF-------Q-N-----SCPDIVNGRNSWLVTT
Pstri_TPS2 217 KVEEILRISGEWIIIQNDYQEVFLPTSEN-------K-K-----DRRDIQQGTNTWCLAK
FARM
SARM
Hmel_GGPPS 131 QGLEIYWR------DNFQCPTEDEYKEMTMKKT--GGLFM-----LAIRLMQLFSDNKS-
Hmel_TPS_2 131 QGMDLHWR------ENFVCPTVEQYMKMVELKT--GYMFS-----GAYEVMQLYSDNKT-
Hmel_TPS_1 138 QGIDIYWR------DHLICPTEGQYYKMLEQKT--GHFFL-----MGVRMMQLFSCNKT-
Mhistr_TPS 192 QTIDV------LGQFKKSPSM-AEYKRINYYKA--GQFVA-AGSELAVIHAGITSQDLID
Ip_IDS_TPS 225 QGYDFTFIDPVTRKINFNDFTEENYTKLCRYKIIFS--TFHNTLELTSAMANVYDPKKIK
Pstri_TPS3 204 NIPE-------LKKIKIN---E-----GDKHQLDIKFYSYN-IISTAMFLANVTDGYLHE
Pstri_TPS4 214 YMMD-------NRKHHIN---E-----LEKYQVHTKLYFSN-LFSTAMYLANVENDYWQK
Pstri_TPS1 203 QYMD-------IKKLDLKDFQK-----LVRHRFDKALYVFNGSARSGLYLANVRDRETHD
Pstri_TPS2 169 QYLD-------MRSIPFEKSFE-----LLKYRNIKGYYITNMPIRGSMYLANIDNPDYHA
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Figure S11: Amino acid alignment between H. melpomene GGPPS and TPSs, and 
other insect TPSs. The two aspartate-rich motifs are labelled FARM and SARM. Stars show 
residues identified as conserved between insect TPSs (Lancaster et al. 2018). Hmel, H. 
melpomene; Mhistr, Murgantia histrionica; Ip, Ips pini; Pstri, Phyllotreta striolata; 
Hmel_TPS_1, HMEL037106g1; Hmel_TPS_2, HMEL037108g1.  
  
Hmel_GGPPS 225 AIQNQKGDN-------------QVLHILRQRTRDVEVKRYCISLLEKFGSFQYTRDCLQE
Hmel_TPS_2 237 ALSTPEGK--------------PILNILKQRTRDVQLKKYCVSLMEKIGSLQHTCDVLDK
Hmel_TPS_1 244 ALQTKKAG--------------IVMNILRQKTRDMYLKKYCVSTLEEIGSLQYTRNVLEK
Mhistr_TPS 289 AMEVFTPSQAVKFMECYGSDDQSKMKTVQELYDEIDMPKLYTEYVLEN---------Y--
Ip_IDS_TPS 336 ALSICNDRQRKIIMDNYGKEDNKNSEAVREVYEELDLKGKFMEFEEES---------F--
Pstri_TPS3 296 AYKKGSAAQKKILEENFGKNNEESTEKIYSIFEDLQLLDVYKKLSDEF---------Y--
Pstri_TPS4 304 AYKRANAGQRKILEENFHKNNEESVEKLYSIFQELELLEVYRKFTDNF---------Y--
Pstri_TPS1 298 ALKMANPAQRKVIEENYGNGDAESARKVMQVYEDLKLKDVHDRRTEEF---------L--
Pstri_TPS2 264 ALELASESQMKVLKENYGKNDDESAMKIEEIYRDLKLDEIYLKIEEEY---------F--
Hmel_GGPPS 272 LDNEARAEVQRLGGNPHLEDLLDELLSWREDKKSAVNEE------------
Hmel_TPS_2 283 LDQEAREEVARLGGNPEMIAVLDELLSWKTN--------------------
Hmel_TPS_1 290 LDLEIRAEVARLGGNPLIDEVLHSLLSWKDN--------------------
Mhistr_TPS 338 --NRCETLIKEL-PHDRLREACSSYMEWLVVRETPDEDSEHKVALCLNISG
Ip_IDS_TPS 385 --EWLKKEIPKI-NNGIPHKVFQDYTYGVFKRRPE----------------
Pstri_TPS3 345 --EQAI---YKI-QKKLPKSKMQDALLDLLTLIVNHKCM------------
Pstri_TPS4 353 --AQEI---SKI-REKIPKSIMQDILINLVNLAVNHKLRY-----------
Pstri_TPS1 347 --GEMREIVENF-PERIPKQPFHDIVRQLALNKLYS---------------
Pstri_TPS2 313 --EKVNRRLDIL-PNILPKSFFWNMMHIIKNEYMNG---------------
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Table S1: Drosophila melanogaster query protein sequences downloaded from 
FlyBase and searched (blastp) against all annotated proteins in the genome of Heliconius 
melpomene (v2.5) on LepBase to identify homologs of enzymes involved in the 
mevalonate and putative terpene synthesis pathways. The candidate orthologs identified 
in H. melpomene were then searched (blastp) against annotated proteins in the D. 
melanogaster genome on FlyBase. Reciprocal best blasts are highlighted in bold. We 
included other hits with an e-value smaller than 1e-80. 
Gene (symbol) D. melanogaster H.  melpomene 
Acetoacetyl-CoA thiolase (ACAT2) CG9149 HMEL032609g1 
HMEL014614g2 
HMEL017484g1 
Hydroxymethylglutaryl-CoA synthase 
(HMGCS) 
CG4311 HMEL005451g1 
Hydroxymethylglutaryl-CoA reductase 
(HMGCR) 
CG10367 HMEL016133g1 
Mevalonate kinase (MVK) CG33671 HMEL013262g2 
Phosphomevalonate kinase (PMVK) CG10268 HMEL007429g2/3* 
Diphosphomevalonate decarboxylase 
(MVD) 
CG8239 HMEL004012g1 
Isopentenyl-diphosphate isomerase (IDI) CG5919 HMEL005103g1 
Farnesyl pyrophosphate synthase (FPPS) CG12389 HMEL017961g1 
HMEL017961g2 
Geranylgeranyl pyrophosphate synthase 
(GGPPS) 
CG8593 
 
HMEL015484g1 
HMEL037105g1 
HMEL037106g1 
HMEL022306g3 
HMEL037107g1 
HMEL037108g1 
 
Decaprenyl pyrophosphate synthase 
subunit 1 (PDSS1) 
CG31005 HMEL016759g1 
Decaprenyl pyrophosphate synthase 
subunit 2 (PDSS2) 
CG10585 
 
HMEL031784g1 
HMEL011234g1 
HMEL008172g1 
HMEL008173g1 
*The first two exons of HMEL007429g2 and the last exon of HMEL007429g3 are 
expressed as a single transcript: 
(ATGGCACCAAAGATTGTATTATTGTTCAGTGGGAAAAGAAAATGTGGTAAAGACTTCGTGACTG
ATCATCTTAAGACATTGTTAAGTGACCAATGTGAAATTATAAAAATTTCACAACCCATCAAAAGTC
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ATTGGGCAAAGGAAAAGAAATTAAATTTAAATGATCTCTTAAGTGATGGTGAATATAAAGAGAA
CTACCGCCTAGAAATGATAAAATGGAGTGAGGAAATGAGACAAAAAGATTATGGTTGTTTTTGTA
GAGCTGCATGTGAAAATGCTACAGAGAAACCTGTATGGATTGTCAGTGATATAAGACGGAAAAC
AGATTTGCAGTGGTTTAAAGAAACCTATGGTGATCTTATTAAAACAATTCGACTAACAGCAGATG
ACAATACTAGGACTGAAAGAGGTTTCCAATTTAAGAGTGGAGTTGATAATGCAGCCTCAGAATGT
GATTTAGACGATTATACAGAATGGGATCTCATTATTGAAAACAGCAAAGATAAAACTGTTGAGGA
TCTTACTAAAAATATTATACTTCTATTAGAATCTTTGAATATTTTACACAAACTTAGGTAG) 
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Table S2: Transcript sequences for H. cydno genes from QTL region, as well as 
names used in H. cydno annotation. (Available at OSF: 
https://osf.io/3z9tg/?view_only=63ba7c0767a84d8eb907fbf599df062f).    
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Table S3: Linear model statistics for differential gene expression analysis in H. 
melpomene heads and abdomens of both sexes. The model includes two fixed terms, 
tissue and sex, their interaction, and a random term, individual (expression ~ sex + tissue + 
sex*tissue + (1|individual). The Log FC column gives the log2 Fold Change between the 
groups being compared, while the Ave. Expr. column gives the mean log2-exprtession 
across all samples. Column t is the moderated t-statistic and B is the B-statistic, the log 
odds that the gene is differentially expressed. The Adj. p-value column gives p-values (bold 
are significant) corrected for multiple testing using the Benjamini and Hochberg’s method 
to control the false discovery rate across all tested genes (17,902). 
 
 
 
  
Gene Term Log FC Ave. 
Expr. 
t p-value Adj. p-
value 
B 
HMEL016759g1 sex*tissue 0.6677 4.3438 1.3668 0.1863 0.4143 -6.1253 
sex -0.7177 4.3438 -1.5627 0.1333 0.3131 -5.9173 
tissue 2.0102 4.3438 6.1544 4.41E-06 3.14E-05 3.7935 
HMEL037105g1 sex*tissue 2.9238 -0.6946 2.4561 0.0230 0.0962 -3.7249 
sex -6.1677 -0.6946 -7.2360 4.27E-07 5.36E-06 6.5817 
tissue -5.3853 -0.6946 -7.5482 2.24E-07 2.42E-06 7.1670 
HMEL037106g1 sex*tissue -4.8560 3.0924 -4.3466 0.0003 0.0028 0.2480 
sex 3.9182 3.0924 7.6856 1.69E-07 2.26E-06 7.1353 
tissue -5.0244 3.0924 -6.6000 1.65E-06 1.36E-05 5.1304 
HMEL022306g3 sex*tissue -1.7761 -2.6439 -2.0475 0.0535 0.1795 -4.3872 
 sex 1.0489 -2.6439 1.4821 0.1534 0.3461 -5.4490 
 tissue -0.8095 -2.6439 -1.3163 0.2024 0.2995 -5.7741 
HMEL037107g1 sex*tissue -1.5469 -1.2854 -1.4056 0.1747 0.3976 -5.4444 
sex 0.2268 -1.2854 0.2483 0.8063 0.8941 -6.5585 
tissue 0.0553 -1.2854 0.0731 0.9424 0.9609 -6.7482 
HMEL037108g1 sex*tissue -1.9477 1.1227 -1.7246 0.0995 0.2750 -5.2255 
sex 2.0789 1.1227 2.3922 0.0263 0.0953 -4.2979 
tissue -0.2850 1.1227 -0.3439 0.7344 0.8065 -6.8774 
HMEL015484g1 sex*tissue 0.4644 4.0455 1.1758 0.2530 0.5043 -6.3477 
sex -0.2477 4.0455 -0.6846 0.5012 0.6873 -6.8918 
tissue 1.3734 4.0455 5.0788 0.0001 0.0003 1.3380 
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Table S4: Linear model statistics for differential gene expression analysis in H. 
melpomene and H. cydno abdomens of both sexes. The model includes two fixed terms, 
species and sex, and their interaction (expression ~ sex + species + species*tissue). The Log 
FC column gives the log2 Fold Change between the groups being compared, while the Ave. 
Expr. column gives the mean log2-exprtession across all samples. Column t is the 
moderated t-statistic and B is the B-statistic, the log odds that the gene is differentially 
expressed. The Adj. p-value column gives p-values (bold are significant) corrected for 
multiple testing using the Benjamini and Hochberg’s method to control the false discovery 
rate across all tested genes (11,571).  
 
  
Gene Term Log FC Ave. 
Expr. 
t p-
value 
Adj. p-
value 
B 
HMEL016759g1  species*sex -0.3223 5.4126 -1.4740 0.1558 0.4349 -6.6939 
species 1.7233 5.4126 7.8810 1.32E-
07 
4.59E-07 6.6022 
sex 0.0672 5.4126 0.3071 0.7619 0.8445 -8.1198 
HMEL037105g1  species*sex -0.1478 2.5652 -0.7547 0.4591 0.7264 -7.0952 
species 0.6662 2.5652 3.4010 0.0028 0.0061 -3.1192 
sex 2.9925 2.5652 15.2781 1.33E-
12 
3.14E-11 18.9110 
HMEL037106g1  species*sex 0.8480 6.7288 3.1511 0.0050 0.0446 -3.7029 
species -0.7377 6.7288 -2.7414 0.0125 0.0236 -5.1106 
sex -1.0794 6.7288 -4.0113 0.0007 0.0027 -2.1200 
HMEL022306g3 species*sex -0.6182 0.9778 -1.3147 0.2033 0.4950 -6.4067 
 species 2.2782 0.9778 4.8446 0.0001 0.0003 0.3653 
 sex -1.1116 0.9778 -2.3639 0.0282 0.0699 -5.0829 
HMEL037107g1  species*sex -0.2153 1.4275 -0.7773 0.4459 0.7173 -7.0103 
species 1.8967 1.4275 6.8481 1.09E-
06 
3.53E-06 4.8657 
sex -0.3254 1.4275 -1.1747 0.2537 0.3944 -7.0160 
HMEL037108g1  species*sex 1.1927 1.5270 3.4427 0.0025 0.0257 -2.4568 
species -0.8135 1.5270 -2.3483 0.0291 0.0503 -5.2982 
sex 0.1373 1.5270 0.3963 0.6960 0.7963 -7.6400 
HMEL015484g1 species*sex -0.2868 4.0561 -3.8325 0.0010 0.0123 -1.9266 
 species 0.2741 4.0561 3.6640 0.0015 0.0035 -2.8338 
 sex -0.1316 4.0561 -1.7586 0.0937 0.1854 -6.5949 
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Table S5: Primer sequences. CACC was added to the 5’ end of the forward primer 
so that it was compatible with the plasmid vector. 
Gene Primer sequence Use 
HMEL037106g1 Forward: 
CACCATGTCAGAAACAGAAGTCC 
Reverse: 
TTAATTATCCTTCCAACTTAAAAGCGA 
Amplification of 
transcript from 
cDNA library 
HMEL037108g1 Forward: 
CACCATGGACGTTCAGAAAATAAGC 
Reverse: 
TTAATTCGTTTTCCAAGAAAGAAGTTC 
Amplification of 
transcript from 
cDNA library 
HMEL037106g1 Forward: 
GTTAATTCGTTACACGTAGC 
Reverse: 
TAATCTGGAAATAGCGACC 
Sequencing PCR 
products 
HMEL037108g1 Forward: 
CTAACTCTTAACGCCTCG 
 Reverse: 
TTATATCCTCGCAGAAATCG 
Sequencing PCR 
products 
Both Forward: 
AATACGACTCACTATAGGGG 
 
 Reverse: 
GGTTAGGGATAGGCTTACC 
Sequencing insert in 
plasmid 
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Table S6: Quantification of experiments characterising TPS activity of 
HMEL037106g1 (Fig. 5A, Fig. S4). HMEL037106g1 is a monoterpene synthase, catalysing 
the formation of (E)-β-ocimene from GPP. Residual IDS activity is shown by the production 
of (E)-β-ocimene, linalool, and nerolidol from DMAPP and IPP. Mean amounts (ng) ± 
standard deviation for each compound across 3 replicates are shown. (control) indicates 
experiments where protein expression was not induced. N=3 for each treatment.  
 (E)-β-
Ocimene 
(Z)-β-
Ocimene 
Linalool Geraniol Nerolidol 
DMAPP + 
IPP 
7.8±1.4 0±0 3.4±0.4 0±0 4.4±1.8 
DMAPP + 
IPP (control) 
0±0 0±0 0±0 0±0 0±0 
GPP + IPP 334.7±32.7 10.7±1.5 84.2±7.7 36±5.2 0±0 
GPP + IPP 
(control) 
0±0 0±0 17.2±2.6 17.4±4.6 0±0 
GPP 356.5±115.3 12.0±4.4 108.4±37.3 66.6±23 0±0 
GPP 
(control) 
0±0 0±0 10.4±9 18.5±6 0±0 
FPP + IPP 0±0 0±0 0±0 0±0 12.3±0.8 
FPP + IPP 
(control) 
0±0 0±0 0±0 0±0 2.1±0.3 
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Table S7: Quantification of experiments characterising TPS activity of 
HMEL037108g1 (Fig. 5A, Fig. S4). HMEL037108g1 acts as a mono- and sesquiterpene 
synthase, producing linalool from GPP and nerolidol from FPP. Small amounts of linalool 
and nerolidol detected in DMAPP and IPP treatment, and of nerolidol in the GPP 
treatment, demonstrate residual IDS activity. Mean amounts (ng) ± standard deviation for 
each compound across 3 replicates are shown. N=3 for each treatment. 
 (E)-β-
Ocimene 
Linalool Geraniol Nerolidol Farnesol 
DMAPP + 
IPP 
0±0 8.5±0.5 0±0 10.2±0.5 0±0 
DMAPP + 
IPP 
(control) 
0±0 0±0 0±0 0±0 0±0 
GPP + IPP 11.0±1.4 2908.3±361.4 109.3±21.6 0±0 0±0 
GPP + IPP 
(control) 
0±0 44.5±3.0 63.6±1.7 0±0 0±0 
GPP 16.8±1.5 4040.0±404.1 122.2±15.8 11.1±1.0 0±0 
GPP 
(control) 
0±0 40.8±5.1 57.8±1.2 0±0 0±0 
FPP + IPP 0±0 0±0 0±0 1734.9±165.7 21.5±3.3 
FPP + IPP 
(control) 
0±0 0±0 0±0 4.0±0.2 0±0 
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Table S8: HMEL037106g1 does not show enzymatic activity with linalool, 
demonstrating it is not an intermediate in the synthesis of (E)-β-ocimene (Fig. S5). Mean 
amounts (ng) ± standard deviation for each compound across 3 replicates are shown. N=3 
for each treatment. 
 (E)-β-Ocimene (Z)-β-Ocimene Linalool 
(S)-Linalool 0±0 0±0 3182.4±445.5 
(S)-Linalool 
(control) 
0±0 0±0 2698.9±1020.8 
(R)-Linalool 0±0 0±0 3226.6±713 
(R)-Linalool 
(control) 
0±0 0±0 3275.8±350.3 
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Table S9: Summary of products from enzymatic assays using precursors from 
different steps in the pathway (Fig. 1) with both HMEL037106g1 and HMEL037108g1 (Fig. 
5A, Table S6, Table S7). 
Precursors Enzyme Products Activity type 
DMAPP + 
IPP 
HMEL037106g1 Trace (E)-β-Ocimene 
Trace linalool 
Trace nerolidol 
Residual GPS  
Monoterpene 
synthase 
Sesquiterpene 
synthase 
DMAPP + 
IPP 
HMEL037108g1 Trace linalool 
Trace nerolidol 
Residual GPS  
Monoterpene 
synthase 
Sesquiterpene 
synthase 
GPP + IPP HMEL037106g1 (E)-β-Ocimene 
Trace (Z)-β-Ocimene 
Linalool 
Monoterpene 
synthase 
GPP + IPP  HMEL037108g1 Trace (E)-β-Ocimene 
Linalool 
Monoterpene 
synthase 
GPP HMEL037106g1 (E)-β-Ocimene 
Trace (Z)-β-Ocimene 
Linalool 
Monoterpene 
synthase 
GPP  HMEL037108g1 Trace (E)-β-Ocimene 
Linalool 
Monoterpene 
synthase 
FPP + IPP HMEL037106g1 None None 
FPP + IPP  HMEL037108g1 Nerolidol Sesquiterpene 
synthase 
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Table S10: Quantification of experiments characterising IDS activity of 
HMEL037106g1 (Fig. S7). Only residual IDS activity is detected, with small amounts of (E)-
β-ocimene, linalool, and nerolidol produced from DMAPP and IPP. No other IDS activity is 
detected. High amounts of geraniol and farnesol in both experimental and control 
treatments is due to dephosphorylation of GPP and FPP, respectively. The main function of 
HMEL037106g1 is the production of (E)-β-ocimene from GPP. Mean amounts (ng) ± 
standard deviation for each compound across 3 replicates are shown. N=3 for each 
treatment. 
 (E)-β-
Ocime
ne 
(Z)-β-
Ocime
ne 
Linalool Geraniol Nerolid
ol 
Farnesol 
DMAPP + 
IPP 
1.7±0.
5 
0±0 1±0.1 0±0 1.6±0.1 0±0 
DMAPP + 
IPP 
(control) 
0±0 0±0 0±0 0±0 0±0 0±0 
GPP + IPP 325.3
±17.4 
11.3±
0.7 
109.2±10.5 1590.1±133.
1 
0±0 0±0 
GPP + IPP 
(control) 
2.9±0.
2 
0±0 17.6±0.8 2300.4±156 0±0 0±0 
FPP + IPP 0±0 0±0 0±0 0±0 15.7±5.
1 
1320.3±114.
5 
FPP + IPP 
(control) 
0±0 0±0 0±0 0±0 4±0.2 1582.0±65.6 
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 Table S11: Quantification of experiments characterising IDS activity of 
HMEL037108g1 (Fig. S8). TPS activity is again demonstrated by the production of linalool 
from FPP, and nerolidol from FPP. Only residual IDS activity is detected, by the presence of 
linalool and nerolidol in treatments with DMAPP and IPP, and nerolidol in the GPP 
treatment. Geraniol and farnesol are present due to dephosphorylation of remaining GPP 
and FPP in treatments. Mean amounts (ng) ± standard deviation for each compound 
across 3 replicates are shown. N=3 for each treatment. 
 (E)-β-
Ocimene 
Linalool Geraniol Nerolidol Farnesol 
DMAPP 
+ IPP 
0±0 3.9±1.6 0±0 3.5±0.9 0±0 
DMAPP 
+ IPP 
(control) 
0±0 0±0 0±0 0±0 0±0 
GPP + 
IPP 
12.0±0.8 3208.4±261.5 290.0±24.5 3.6±0.7 0±0 
GPP + 
IPP 
(control) 
0±0 30.6±0.7 2117.0±184.9 0±0 0±0 
FPP + 
IPP 
0±0 0±0 0±0 1536.3±61.3 983.8±57.5 
FPP + 
IPP 
(control) 
0±0 0±0 0±0 4.9±5.0 1220.8±1105.8 
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Table S12: Full names of species from Figure 6 in the main text.  
Abbreviation Full name 
A. gossypii Aphis gossypii 
A. grandis Anthonomus grandis 
A. thaliana Arabidopsis thaliana 
B. mori Bombyx mori 
B. terrestris Bombus terrestris 
C. fumiferana Choristoneura fumiferana 
C. reinhardtii Chlamydomonas reinhardtii 
C. unshiu Citrus reinhardtii 
D. melanogaster Drosophila melanogaster 
D. ponderosae Dendroctonus ponderosae 
F. fujikuroi Fusarium fujikuroi 
G. arboreum Gossypium arboreum 
G. biloba Ginkgo biloba 
H. lupulus Humulus lupulus 
H. melpomene Heliconius melpomene 
H. sapiens Homo sapiens 
I. pini Ips pini 
M. chamomilla Matricaria chamomilla 
M. domestica Malus domestica 
M. histrionica Murgantia histrionica 
M. lewisii Mimulus lewisii 
M. persicae Myzus persicae 
M. piperita Mentha piperita 
N. tabacum Nicotiana tabacum 
N. viridula Nezara viridula 
P. cochleariae Phaedon cochleariae 
P. striolata Phyllotreta striolata 
R. speratus Reticulitermes speratus 
S. cerevisiae Saccharomyces cerevisiae 
T. castaneum Tribolium castaneum 
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Conclusion 
Over the past 150 years we have learnt a great deal about adaptation and 
speciation from Heliconius butterflies (Merrill et al. 2015). One of the most impressive 
features of these butterflies is the wide diversity of wing colour patterns, even within a 
single species and research has focused on the evolution and more recently genetics of 
these patterns. In spite of a human bias for visual signals, the likely importance of 
chemical signalling in Heliconius has long been noted, but is much less well understood 
(Müller 1912a,b; Eltringham 1925; Barth and Barth 1952; Crane 1955; Emsley 1963). With 
a wealth of ecological and genetic studies, Heliconius is an excellent system to investigate 
the evolution of chemical signalling and its role in mate choice.  
Behavioural observations suggested that male androconial compounds are 
important during courtship, however experimental data was previously lacking (Crane 
1955; Klein and Araújo 2010). Female choice experiments, presented here in Chapter 2, 
demonstrate that chemical signalling is important for female choice and mating in 
Heliconius.  Female H. melpomene, H. erato and H. timareta discriminate against males 
which have their androconia experimentally blocked, confirming the importance of male 
androconial regions for courtship in Heliconius. Morphological analyses also presented in 
this chapter describe the androconia, showing the brush-like scales found in this region. 
Chemical analyses then identify putative male sex pheromones of H. melpomene. These 
compounds are found in androconial regions of mature male H. melpomene, but absent 
in immature males and females.  
Having established that androconial compounds are important for courtship and 
mating, the next question concerns the information conveyed by these chemical signals. I 
hypothesised that if chemical signalling is important for mate assessment, it could be a 
condition-dependent trait. One way to manipulate the condition of an individual is 
through dietary changes. Larval diet could affect which compounds, or pre-cursors, are 
sequestered, which might affect pheromone production. Both larval diet, and access to 
pollen as an adult, could affect individual condition. In Chapter 3 I present the results of 
manipulation of both the larval and adult diet of H. melpomene. Access to pollen does not 
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affect pheromone production, whilst larval diet affects minor, but not major, components 
of the chemical profile. These results suggest that whilst host plant affects the chemical 
profile of males, there must be other factors involved in determining intraspecific 
variation.  
What remains unclear is whether changing minor components of the male 
chemical profile, as seen when changing larval diet, affects female choice. The most 
abundant compounds are not always the most important, as minor components can be 
important for attraction (D’Alessandro et al. 2009; McCormick et al. 2014) . The 
compounds which are significantly different between treatments could, therefore, affect 
female choice. This highlights the gap in knowledge which remains regarding the 
biological activity of the components of the bouquet. Whilst ideally we would carry out 
behavioural assays, this is not feasible for large numbers of species and populations. In 
Chapter 4, I propose that we can use statistical methods to try and identify male 
pheromone candidates. To do this, I studied the chemical profiles of the androconia and 
genitals of seven Heliconius species across a broad geographic range. I identify species-
specific compounds, found in all populations of a given species, which I propose are 
potential male pheromones. This approach has proven promising as the compounds 
identified for H. melpomene androconia and genitals, octadecanal and (E)-β-ocimene, 
respectively, are known to be biologically active (Schulz et al. 2008; Byers et al. 2019). 
This statistical approach can therefore provide us with a starting point for more targeted 
behavioural trials using the candidates.  
As well as trying to identify species-specific compounds, Chapter 4 also attempts 
to describe intra- and interspecific divergence to understand the evolution of chemical 
profiles in Heliconius. I find similar patterns to those previously seen for orchid bees 
(Weber et al. 2016). Species identity is the best predictor of chemical divergence, with 
larger inter- than intraspecific differences in chemical profiles. These species differences 
are consistent across a large geographic range, suggesting they could be involved in 
reproductive isolation. In the same chapter, I also investigated correlations between 
chemical divergence and genetic and geographic distance. In general, I find evidence that 
patterns of genetic divergence predict chemical divergence, consistent with neutral 
processes playing a role in profile evolution. These patterns are likely to be complicated 
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by the variety of processes driving their evolution. As well as neutral processes such as 
genetic drift, adaptive processes such as stabilising selection could drive profiles towards 
a species stereotype, whilst sexual selection might promote diversity.  
Studying phenotypic patterns provides insight into the macroevolution of 
chemical profiles. This approach, however, does not reveal the genetic basis of the traits.  
Understanding the genetic basis of pheromone production not only helps us to study 
pheromone evolution, but also more general concepts in evolutionary biology, such as 
convergence and gene family evolution. Chapter 5 presents a study of the genetic basis of 
(E)-β-ocimene production, an anti-aphrodisiac pheromone of H. melpomene, combining a 
QTL study, gene expression analysis and a candidate gene approach, followed by in vitro 
expression and enzymatic assays of the promising candidates. I find an expansion in a 
family of enzymes annotated as geranylgeranyl pyrophosphate synthases (GGPPSs) in the 
H. melpomene genome, with terpene synthase (TPS) activity confirmed for two of these 
enzymes.  As well as evidence for gene duplication, I also find pseudogenes in this group, 
suggesting that evolution within this enzyme family is highly dynamic. It is likely that the 
dynamics of gene duplication have facilitated the evolution of terpene synthesis in 
Heliconius. Phylogenetic analysis shows that these enzymes are unrelated to previously 
described insect and plant TPSs, representing an independent origin of TPS activity.  
Future directions 
There has been widespread interest in the complexities of mate choice as an 
example of multimodal communication (Partan 2013; Mitoyen et al. 2019). As well as 
male attraction to colour patterns, we now know that female choice based on chemical 
cues is important for mating in Heliconius butterflies. The few examples of female choice 
in Heliconius have focused solely on visual cues (Chouteau et al. 2017; Southcott and 
Kronforst 2018), and in Chapter 2 I focus solely on chemical cues. In Bicyclus anynana, 
both visual and chemical signalling are important for female choice (Costanzo and 
Monteiro 2007). In Heliconius, we also need to combine experiments with visual and 
chemical cues to test the relative importance of these cues for female mating decisions. 
Even in systems where a single trait is greatly exaggerated in one sex, the use of multiple 
cues for mate choice has been described (Candolin 2003; Chapman et al. 2017). It is likely 
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we will find that multiple cues are also important for mate choice in Heliconius, including 
chemical, visual, and behavioural cues. 
Both male and female choice can play a role in reproductive isolation between 
pheromone strains of Ostrinia nubilalis (Dopman et al. 2010). In Heliconius, the 
importance of both female and male mate choice based on colour pattern has been 
demonstrated (Jiggins et al. 2001, 2004; Jiggins 2008; Merrill et al. 2014; Sánchez et al. 
2015; Southcott and Kronforst 2018). The role of chemical signalling, however, has mainly 
been tested in the context of intraspecific mate choice. Interspecific “perfuming” 
experiments with H. timareta and H. melpomene suggest that either androconial 
compounds, or genital compounds, or both, influence female choice, therefore playing a 
role in reproductive isolation between these two species (Mérot et al., 2015). I attempted 
to carry out similar experiments with H. cydno and H. melpomene, unfortunately without 
success. We need to test this both with other species pairs, and separately for 
androconial and genital compounds, to understand more about the role chemical 
signaling could play in interspecific mate choice and thus reproductive isolation in 
Heliconius.  
As well as trying to understand the role of chemical signalling in mate choice and 
reproductive isolation, we need to determine which components of the chemical 
bouquets discovered are biologically active. Important first steps taken in this thesis have 
provided a list of candidate pheromones for different species, but for most species these 
still need to be confirmed behaviourally. In Chapter 4, I identified octadecanal as the 
candidate androconial pheromone of H. melpomene. More recent analyses have found it 
is bioactive, eliciting both an electroanntenographic and behavioural response (Byers et 
al. 2019). Similar experiments using electroanntenography and bioassays will be needed 
to test the candidates in other species.  
We also need to understand more about how females perceive the bouquets as a 
whole. Minor components of bouquets can be important for attraction (D’Alessandro et 
al. 2009; McCormick et al. 2014) . The results from the larval diet experiments in Chapter 
3 show that many minor compounds in the adult bouquet are affected by their host plant 
as a larva, however, it is unclear if females would be able to detect these differences, and 
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whether they would affect female choice. Furthermore, the concentration and ratio of 
components can also be important (Wang et al. 2010b), an aspect that has not been 
explored in this system. Both GC-EAD and behavioural assays will help us to understand 
the ability of females to distinguish between scents and test their preferences.  
It will also be interesting to try and disentangle what information is being 
conveyed by chemical cues. It is likely that multiple components are biologically active, 
potentially conveying different types of information to females. We know that minor 
components have the potential to convey information about larval diet, but other factors 
could also be important. For example, we could investigate the effects of inbreeding and 
age, factors which affect male sex pheromone composition in Bicyclus anynana 
(Nieberding et al. 2012; van Bergen et al. 2013). Further experiments regarding condition 
dependency would be useful, perhaps extending the adult diet experiments with and 
without access to pollen for a month or longer. It could also be interesting to look at the 
ability of males to recover their bouquet after some of it is inevitably released during 
mating. Other approaches to test condition-dependence could also be trialled, such as 
changing the temperature during development, a technique that has been used to 
demonstrate the condition-dependence of iridescence in Heliconius erato (Melanie Brien, 
pers. comm.). Understanding which variables result in the observed intraspecific variation 
in chemical profiles is an important step in understand which types of information 
females could gain from chemical cues.  
As well as focusing on the effect of different treatments on male pheromone 
composition itself, we can study the downstream benefits gained by females and how this 
correlates with male pheromone composition. Pheromones can signal indirect benefits to 
females, by increasing survivorship or mating success of offspring through provision of 
“good genes” (Andersson 1986, 1994). This seems to be the cases in male tobacco moths, 
Ephestia elutella, as large males which produce higher amounts of male pheromone also 
sire larger offspring (Phelan and Baker 1986). Alternatively, pheromones could signal the 
provision of a resource. This has been well-studied in the arctiid moth, Uthetheisa 
ornatrix, where the amount of male pheromone produced is an honest signal of alkaloids 
which are transferred to females during mating to chemically protect the eggs (Dussourd 
et al. 1988, 1991; Eisner and Meinwald 1995; Iyengar et al. 2001). Heliconius males 
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transfer a nutrient-rich spermatophore to females during mating which is used in the eggs 
and also female somatic tissue (Boggs and Gilbert 1979; Boggs 1981, 1990). It could be 
that male pheromone composition reflects the size or quality of the spermatophore 
(Cardoso and Silva 2015). Further experiments are needed to test the potential benefits 
to females signaled by male pheromones in Heliconius.  
Ultimately, to understand how pheromones evolve and what drives their 
evolution we need to understand both their ecology and role in current populations, as 
well as their genetic basis. The discovery of a novel family of terpene synthase enzymes in 
H. melpomene, presented here in Chapter 5, has implications for understanding 
pheromone evolution not only in Heliconius but more broadly across insects. Within 
Heliconius, an interesting follow-up will be to determine the enzymatic activity of the 
other members of the enzyme family not tested in this thesis. Furthermore, assaying 
homologs from other Heliconius species will allow us to understand how these enzymes 
have evolved across Heliconius resulting in the different chemical profiles in each species. 
Pheromone differences between moth species have been attributed to both regulatory 
(Sakai et al. 2009; Albre et al. 2012) and coding changes (Lassance et al. 2010, 2013), as 
well as being linked to gene duplication events (Roelofs et al. 2002; Wang et al. 2010a). A 
comparative study in Heliconius could add to the current literature in Lepidoptera to 
understand the kinds of genetic changes which affect pheromone evolution.  
Site-directed mutagenesis is another approach to determine the amino acid 
changes underlying differences in enzyme activity. In some cases a single amino acid 
change (Buček et al. 2015), or multiple changes (Lassance et al. 2013) can change the 
substrate specificity of an enzyme. The independent evolution of terpene synthases 
multiple times across insects provides an opportunity to study whether convergence has 
also occurred at the level of amino acid changes. This could be studied both by 
comparative studies with new examples from other insect lineages, as well as site-
directed mutagenesis. 
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Concluding remarks 
Chemical ecology is by nature an interdisciplinary area of research, combining 
both chemistry and ecology to understand how organisms interact with each other. This 
field, however, is much more than chemistry and ecology, combining behavioural 
ecology, genetics and genomics, neuroscience, and molecular biology, to gain a more 
complete understanding of the evolution of chemical signalling. In this thesis I have laid 
the foundation for some of these aspects of chemical ecology in Heliconius, opening 
doors for future research in this exciting area.  
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Abstract 
Pheromones are important for courtship and mate choice in many insects, but we 
know relatively little of their role in butterflies. The butterfly Heliconius melpomene uses 
a complex blend of wing androconial compounds during courtship. Electroantennography 
in H. melpomene and its close relative H. cydno showed that responses to androconial 
extracts were not species-specific. Females of both species responded more strongly to 
the H. cydno extract, suggesting conservation of peripheral nervous system elements 
across the two species. Individual blend components provoked little to no response, with 
the exception of octadecanal, a major component of the H. melpomene blend. 
Supplementing octadecanal on the wings of octadecanal-rich H. melpomene males led to 
an increase in the time until mating, demonstrating the bioactivity of octadecanal in 
Heliconius. Using quantitative trait locus (QTL) mapping, we identified a single locus on 
chromosome 20 responsible for 41% of the parental species’ difference in octadecanal 
production. This QTL does not overlap with any of the major wing color or mate choice 
loci, nor does it overlap with known regions of elevated or reduced FST. A set of 16 
candidate fatty acid biosynthesis genes lies underneath the QTL. 
Keywords: pheromones; electroantennography; behavior; quantitative trait locus 
mapping; Heliconius 
Introduction 
Chemical communication is the oldest form of sensory communication, and plays 
a fundamental role in the ecology of organisms across the tree of life. In terms of 
reproductive behavior, chemical communication is involved in premating isolation in a 
variety of systems from orchids (Peakall et al. 2010) to Drosophila (Shahandeh et al. 2017) 
to cichlids (Plenderleith et al. 2005), highlighting its importance as a mediator of 
speciation and diversification (Smadja & Butlin 2009). Of particular interest is the 
evolution of pheromones, chemical compounds that mediate intraspecies interactions. In 
particular, signaling (production and emission of pheromone compounds) and receiving 
(reception and interpretation of chemical signals) components are predicted to evolve in 
concert to maintain reproductive isolation between closely related species (Smadja & 
Butlin 2009). Nonetheless, despite its ubiquity, chemical communication has been less 
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well studied than e.g. visual communication. The result is that outside of a limited set of 
(relatively well-studied) examples we know relatively little about the role that chemical 
signals play in reproductive isolation and evolution. Nonetheless, recent technical 
advances (e.g. later-generation gas chromatography-coupled mass spectrometry and gas 
chromatography-coupled electroantennographic detection) mean that chemical 
communication is increasingly accessible for evolutionary studies.  
Studies of pheromones have been most widespread in insects, in particular in the 
order Lepidoptera and in Drosophila (Smadja & Butlin 2009). In Lepidoptera, work on 
pheromones has largely focused on long-range female pheromones of nocturnal moths 
(often due to their economic importance), where pheromone divergence commonly 
contributes to speciation and relatively simple structural variations in pheromones are 
known to produce drastic differences in mate attraction. For example, different 
populations of the corn borer moth Ostrinia nubialis exhibit a simple cis to trans switch in 
the pheromone 11-tetradecenyl acetate (Kochansky et al. 1975, Lassance et al. 2010) that 
leads to partial reproductive isolation (Dopman et al. 2010). Sex pheromones have been 
less well studied in day-flying butterflies, where visual signaling is often assumed to play a 
more dominant role in mate choice (Vane-Wright and Boppré 1993, Löfstedt et al. 2016). 
However, male butterflies also emit close-range pheromone bouquets which may act in 
concert with other wing pattern and behavioral cues (Mérot et al. 2015), and are 
important in mate choice (Darragh et al. 2017) as well as decreasing heterospecific 
mating (Mérot et al. 2015).  
Despite the potential importance of pheromones in butterflies, aphrodisiac 
pheromones have so far been identified in only eight butterfly species (Meinwald et al. 
1969; Pliske and Eisner 1969; Grula et al. 1980; Nishida et al. 1996; Schulz and Nishida 
1996; Andersson et al. 2007; Nieberding et al. 2008; Yildizhan et al. 2009). This is in stark 
contrast to the approximately two thousand species of moths where female pheromones 
or attractants are known (Löfstedt et al. 2016). There is a similar absence of knowledge 
about the genetic basis of variation in pheromone production (but see Liénard et al. 
2014). As in other diurnal butterflies, the chemical bouquets of the genus Heliconius 
(Darragh et al. 2017; Mann et al. 2017), are complex, both in identity and quantity of 
compounds, though just a few individual compounds may be biologically active 
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pheromones.  Although studying variation in pheromones within and across species can 
point to potential candidates (e.g. Darragh et al. 2019b), identifying which components of 
these complex chemical bouquets are responsible for pheromonal communication is a 
considerable challenge. This is particularly true as even minor compounds can have major 
effects (McCormick et al. 2014; Chen et al. 2018). Determining pheromone bioactivity 
requires screening compounds via physiological activity followed by behavioral 
verification, and in many cases pheromone bouquet composition is known but the 
bioactive components remain unidentified. In addition, behavioral outcomes may differ 
despite similar responses in the peripheral nervous system (Chen & Fadamiro 2007; 
Seeholzer et al. 2018). 
Here we take advantage of two closely related Heliconius butterfly species, H. 
melpomene and H. cydno, to further our knowledge of the ecology, evolution and 
genetics of male lepidopteran pheromones. The two species diverged about 2.1 million 
years ago (Arias et al 2014; Kozak et al. 2015), and are strongly reproductively isolated 
(Jiggins 2017).  Over the past decade there has been considerable research into the 
genomic architecture of differences in wing pattern and male mate preference (Jiggins 
2017; Merrill et al. 2019). Surprisingly, both wing color and male mating preferences 
between these species have a relatively simple genetic basis with a large proportion of 
the difference between parental forms being controlled by a small handful of loci of large 
effect (Naisbit 2003; Jiggins 2017; Merrill et al. 2019). This has important implications for 
speciation, as theory predicts that large effect loci contribute to speciation in the face of 
gene flow (Via 2012).  Similarly, tight physical linkage between loci that contribute to 
isolating barriers will facilitate speciation (Felsenstein 1981; Merrill et al. 2010; Smadja 
and Butlin 2011), and there is evidence for tight linkage of a gene controlling wing pattern 
(optix) and a major effect QTL underlying divergent male preference behaviors (Merrill et 
al. 2019). Pheromonal differences between the species might also be expected to be 
under control by major effect loci, as has been seen in a variety of moth species (Groot et 
al. 2016, Haynes et al. 2016). The extent to which loci underlying pheromone production 
overlap with wing pattern and mate choice loci is unclear, but given the existing linkage 
between wing pattern and male mate choice loci, we might predict additional linkage of 
pheromone production with wing pattern loci.  
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Recent research has demonstrated the importance of male pheromones in mating 
success (Darragh et al. 2017). To better characterize male butterfly pheromone 
production and the role it plays in mating and species recognition, we comprehensively 
analyzed pheromone bouquets of Heliconius melpomene and H. cydno butterflies to 
determine the most important bioactive compounds. We carried out electrophysiology 
and behavioral experiments and identified octadecanal as a biologically active 
pheromone component. To better understand the genetic basis of octadecanal 
production and determine the location of loci responsible for the production of 
octadecanal relative to loci involved in wing color pattern and male mating preference, 
we mapped loci responsible for differences in the level of octadecanal synthesis between 
the two species. We found that a single locus on chromosome 20 explains 41% of the 
parental species differences in this pheromone, with no linkage between this locus and 
known color pattern and male mate choice loci.  
Materials and Methods 
Butterflies 
Stocks from central Panama of Heliconius melpomene rosina and H. cydno 
chioneus (hereafter H. melpomene and H. cydno) were used for all experiments (Darragh 
et al. 2017). Butterflies were reared in insectaries at the Smithsonian Tropical Research 
Institute, Gamboa, Panama under ambient temperature and light conditions. Eggs were 
collected from these breeding stocks and the resulting larvae fed on Passiflora platyloba 
var. williamsi, P. biflora, P. menispermifolia, and P. vitifolia until pupation. Data from 
(Darragh et al. 2019a) indicate that larval diet does not affect the major compounds 
found in H. melpomene, suggesting that this dietary variation is unlikely to affect results. 
Newly-eclosed adult butterflies were separated by sex to ensure virgin status and 
supplied with flowers from Psiguria warscewiczii, Psiguria triphylla, Gurania eriantha, 
Psychotria poeppigiana, Stachytarpheta mutabilis, and Lantana sp. (most likely L. camara) 
as pollen sources, as well as a ~20% sucrose solution. All experiments used virgin 
butterflies. For assessment of H. cydno wing bouquets, male butterflies were between 10-
12 days post eclosion and had fed exclusively on Passiflora platyloba var. williamsi. For 
electrophysiology, female butterflies were between 1 and 20 days post eclosion, and 
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males between 10-20 days post eclosion to ensure male sexual maturity (Darragh et al. 
2017). For behavior, female butterflies were used the day after eclosion and males were 
between 10 and 59 days post eclosion. Natural wing extracts of both species were 
extracted from males 10-12 days post eclosion as described in (Darragh et al. 2017) using 
dichloromethane plus 1 ng/μL 2-tetradecyl acetate (hereafter “DCM+IS”) and 
concentrated approximately 10x prior to use under still room air. All samples were stored 
at -20°C before use. 
Identification and quantification of androconial compounds 
To identify species-specific compounds among our two species, the chemical 
composition of the H. cydno androconial bouquet was investigated in samples from 26 
adult male H. cydno and compared with 31 adult male H. melpomene, the latter including 
samples previously analyzed in (Darragh et al. 2017; Darragh et al. 2019a), all collected as 
above. Samples were assessed using gas chromatography-mass spectrometry (GC-MS) 
with an Agilent 7890B gas chromatograph coupled with an Agilent 5977 mass 
spectrometer with electron ionization (Agilent Technologies, California, USA). The GC 
utilized an Agilent HP-5MS capillary column (30m length, 0.25mm inner diameter), helium 
carrier gas at 1.2 mL/minute, and an Agilent ALS 7693 autosampler. Injection was splitless 
with an inlet temperature of 250°C. The temperature ramp was isothermal at 50°C for 5 
minutes, then increased at 5°C/minute to 320°C and was then isothermal for 5 minutes. 
Samples were identified using a custom MS library and quantified by comparison with the 
internal standard. 
In line with (Darragh et al. 2017), wings from eight male H. cydno were dissected 
into four regions: hindwing androconia, forewing overlap region, hindwing rest-of-wing, 
and forewing rest-of-wing, and all extracted identically after dissection. Wing region area 
was quantified by photographing the wings before dissection and measuring the total 
pixel area of each wing region in the GNU Image Manipulation Program v.2.8.20 (GIMP 
Development Team), with the pixel-mm conversion via measurement of a ruler in the 
photograph. Quantified compounds in each wing region for each individual were scaled 
by the area of the relevant wing region in that individual. 
Chemicals 
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Syringaldehyde (3,5-dimethoxy-4-hydroxybenzaldehyde), 1-octadecanol, and 
henicosane were obtained commercially (Sigma-Aldrich). The aldehydes octadecanal, (Z)-
11-icosenal, and (Z)-13-docosenal were obtained from the respective alcohols 1-
octadecanol, (Z)-11-icosen-1-ol, and (Z)-13-docosen-1-ol by oxidation with iodoxybenzoic 
acid (IBX) in ethyl acetate according to (More and Finney 2002).  The required alcohols 
(Z)-11-icosen-1-ol and (Z)-13-docosen-1-ol were in turn obtained by lithium aluminum 
hydride reduction from commercially available (Z)-11-icosenoic acid and methyl (Z)-13-
docosenoate (Larodan) according to (Cha and Brown 1993). The seven target compounds 
(see Figures S4 and S5 for structures and reaction scheme) were chosen due to their 
quantitative dominance in the chemical profiles of H. melpomene and H. cydno. The 
solvent for all synthesized compounds was hexane, with the exception of the polar 
syringaldehyde, which was diluted in a 1:10 mixture of dichloromethane and hexane. 
Synthetic blends of H. melpomene and H. cydno male wing bouquets were 
prepared from these synthesized compounds. Synthetic H. melpomene contained 23.2 
ng/μL syringaldehyde, 23.3 ng/μL octadecanal, 6.9 ng/μL 1-octadecanol, 4.7 ng/μL (Z)-11-
icosenal, 20.3 ng/μL (Z)-11-icosenol, and 4.8 ng/μL (Z)-13-docosenal. Synthetic H. cydno 
contained 47.0 ng/μL syringaldehyde and 93.3 ng/μL henicosane. Floral direct extractions 
from Lantana sp. (most likely L. camara) growing wild in Gamboa, Panama were used as a 
positive control. Single umbels were removed from plants at dawn and placed in a 
scintillation vial to which 400μL of DCM+IS was added. After 1 hour, the DCM+IS was 
removed to a glass vial and kept at -20°C before use. 
Electroantennography 
Electrophysiological preparations were assembled as follows: antennae were cut 
from the head of a virgin butterfly using fine scissors and the final 6.5 segments 
(approximately 1.5mm, avoiding cutting at the segment boundary) cut off with a scalpel. 
Both antennae were then placed in parallel across an antenna fork (Syntech, Buchenbach, 
Germany) and held in place using electrode gel (Spectra 360 Electrode Gel, Parker 
Laboratories Inc., Fairfield, NJ, USA). The antenna fork was mounted on a Syntech EAG 
CombiProbe with 10x internal gain, and signal from this was routed through a Syntech 
IDAC4. EAG waveforms recorded using Syntech GcEad/2014 software. Stimulus pulses 
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were delivered using a Syntech CS-55 Stimulus Controller with foot pedal trigger. Both 
continuous unhumified room air and stimulus pulses were delivered to the preparation at 
1.5 liters/min through a tube of approximately 8mm inner diameter. The stimulus pulses 
were delivered in triplets of 0.5 seconds each, separated by 5 seconds, with triplets 
initiated every 30 seconds. Stimulus delivery used odor cartridges assembled from 
Pasteur pipettes with a strip of filter paper plugged with cotton when not in use; each 
stimulus cartridge was ‘charged’ with 10uL of stimulus solution for each experiment. Each 
antennal preparation was used only once. 
Two sets of stimuli were delivered: a species comparison set and a synthetic 
compound set. Both sets used air (nothing added to filter paper), hexane, and DCM+IS as 
negative controls and Lantana extract as a positive control. The species comparison set 
included male wing extracts from H. melpomene and H. cydno (“Mnat” and “Cnat” 
respectively) and synthetic blends representing the two species (“Msyn” and Csyn”). The 
synthetic compound set included air, hexane, DCM+IS, the conspecific male wing extract, 
the conspecific synthetic blend, and the seven synthetic compounds. Presentation order 
was randomized before each experiment. Species comparison experiments consisted of 
sixteen pulses each of the seven stimuli, interspersed with five pulses of Lantana extract 
at the start, between every three stimuli, and at the end. Synthetic compounds were 
similar, with eleven pulses of each of the twelve stimuli, interspersed with four pulses of 
Lantana at the start, between every four stimuli, and at the end. For analysis, the first 
triplet of each stimulus set was removed, leaving fifteen and ten pulses respectively. At 
least ten female and five male butterflies of each species were used with each 
experiment.  
Onset time and amplitude of EAG responses (i.e. the magnitude of the decrease 
from the baseline signal, barred lines in Figure S6) were marked using GcEad/2014. To 
control for antennal signal degradation over time, a time-dependent correction factor 
was calculated using linear interpolation between each Lantana set and this applied to 
the absolute value of the EAG response amplitude. These corrected amplitudes were then 
scaled to the amplitude of the initial Lantana set to partially control for differences 
between preparations. 
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Analysis of antennal adaptation 
Short-term adaptation (STA), as defined in (Zufall and Leinders-Zufall 2000), is 
adaptation occurring only over a very brief window from the initial stimulus that then 
resolves quickly with no further stimulation (e.g. the 10 second interval given for 
salamanders in the reference). By contrast, long-term or long-lasting adaptation (LTA) are 
defined in the same source as persisting over an extended period of time, up to several 
minutes in vertebrates and insects (Stengl 2010), with recovery of response upon 
presentation of a different stimulus. Within our electrophysiological data set, there is the 
potential to measure both types of adaptation; since we corrected for preparation 
degradation over time, we should be able to measure true LTA and STA. STA, if present, 
should be evident within an individual triplet, as the stimuli within a triplet are separated 
by 5 seconds (and thus STA is likely to persist within a triplet), whereas LTA should be 
evident across an individual stimulus set, as these lasted 5.5-8 minutes with maximum 
intervals of 30 seconds between stimuli, insufficient for LTA to be abolished if we assume 
similar mechanisms as vertebrates. We assessed antennal responses for LTA by pooling all 
triplets within a stimulus-species-sex combination. We pooled these data within stimulus 
set types (species comparison and synthetic compound), treating butterfly preparation 
identity as a random effect. For each stimulus, the change in antennal response was 
assessed over the time since initial presentation of the stimulus. STA was assessed by 
looking for significant changes in the residuals from this analysis between members of a 
triplet. 
 
 
Behavior 
To test the potential role of octadecanal in H. melpomene female mate choice, 
behavioral experiments were conducted in insectaries at STRI, Gamboa, Panama, 
between April and July 2018. One day old virgin females were presented with both an 
octadecanal treated and a control H. melpomene male for two hours. Males were at least 
ten days old and were selected based on similarity of size, wing-wear and age, with 
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treatment being allocated randomly by coin flip. Either 25 µl octadecanal solution (140 
ng/µl octadecanal in hexane, thus adding 3500ng to the existing average 773.4ng for 
approximately a 5.5x dose) or 25 µl pure hexane (both evaporated down to a smaller 
volume of approximately 10 µl under room air) was applied to the hindwing androconial 
region of each male, and males were then allowed 30 minutes to settle before beginning 
the two hour experiment period. Experiments began at or close to 9am, with 
observations being made every 15 minutes or until mating occurred. Heliconius 
melpomene was chosen for these experiments as an adequate number of individuals 
were available, although the less easily reared (and thus less available) H. cydno might 
have provided a clearer picture of the role of octadecanal in premating reproductive 
isolation. 
To test the persistence of the octadecanal treatment on the wings of live 
butterflies, a separate set of H. melpomene males was treated as above with either 
hexane or octadecanal. Separate males were sampled at 30 minutes post treatment and 
two hours post treatment by extraction of the forewing overlap region (Darragh et al. 
2017) and the hindwing androconia in DCM+IS as above, with two males per treatment-
time combination. Octadecanal was then measured using GC-MS as above and quantified 
by peak area comparison with the 2-tetradecyl acetate internal standard. 
Quantitative trait locus mapping for octadecanal production 
To map the genetic basis for octadecanal production in H. melpomene, we took 
advantage of the fact that H. cydno produces little to no octadecanal. Bidirectional F1 
crosses between the two species revealed that the H. cydno phenotype (low to no 
octadecanal) is dominant over the high octadecanal production found in H. melpomene, 
so we constructed backcross families by crossing F1 males to female H. melpomene from 
our existing stocks. A total of ten families (nine with a female H. melpomene grandparent 
and one with a female H. cydno grandparent) were constructed, with each offspring 
representing a single recombination event from the F1 father. We constructed 
backcrosses to H. cydno (127 individuals from 15 families) in addition, as some 
segregation was seen in this backcross direction as well. Butterflies were reared and wing 
extracts collected and analyzed from male offspring as described above, except that all 
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larvae were reared on Passiflora platyloba var. williamsi. Bodies of male offspring were 
collected into dimethyl sulfoxide (DMSO) for later library preparation. The Castle-Wright 
estimators for octadecanal and octadecanol production were calculated using the 
phenotypic variance of the backcross individuals as the estimated segregation variance 
(Jones 2001). 
Qiagen DNeasy kits (Qiagen) were used for DNA extraction. Individuals were 
genotyped either by RAD-sequencing as previously described (Davey et al. 2017; Merrill 
et al. 2019), or low-coverage whole genome sequencing using nextera-based libraries. For 
the nextera-based libraries a secondary purification was performed using magnetic 
SpeedBeads™ (Sigma) dissolved in 0.44mM PEG8000, 2.5M NaCl, 1mM Tris-Cl pH=8, and 
0.1mM EDTA pH=8.0. High-throughput sequencing libraries were generated using a 
method based on the Nextera DNA Library Prep (Illumina, Inc.) with purified Tn5 
transposase (Picelli et al. 2014). Sample barcoding was performed using PCR extension 
with an i7-index primer (N701–N783) and the N501 i5-index primer. Libraries were 
purified and size selected using the same beads as above. Pooled libraries were 
sequenced by HiSeq 3000 (Illumina) by BGI (China). 
Linkage mapping was conducted using standard Lep-MAP3(LM3) pipeline (Rastas 
2017) . First, individual fastq files were mapped to the melpomene reference genome 
using BWA MEM (Li 2011) and then sorted bams were created using SAMtools (Li and 
Durbin 2011). The input genotype likelihoods were constructed by SAMtools mpileup and 
pileupParser2+pileup2posterior from LM3. The pedigree of individuals was validated and 
corrected using IBD (identity-by-descent) module and the sex of individuals was validated 
and corrected according to the coverage on the Z chromosome and autosomes using 
SAMtools depth. Then, ParentCall2 (parameter ZLimit=2) and Filtering2 
(dataTolerance=0.001) modules were called on the input data and a random subset of 
25% of markers (to speed up analysis) was used for the subsequent steps.  
Initial linkage groups (chrX.map) and marker orders (orderX.txt) were constructed 
based on the H. melpomene genome for each of 21 chromosomes. 
SeparateChromosomes2 was run on each of these groups with the default parameters 
(lodLimit=10)  except for map=chrX.map (for X=1..21).  Finally, OrderMarkers2 was run on 
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each chromosome in the constructed order, with parameter scale=0.05, 
recombination2=0, evaluateOrder=orderX.txt and 
map=result_from_SeparateChromsomes2.chrX.txt. Another evaluation was done with 
data in the grandparental phase (additional parameter grandparentPhase=1). The phased 
data of these orders were matched using phasematch script (LM3) and obtaining all 
markers from the first evaluation in the grandparental phase. This obtained result was 
used as the final map.  
Map construction resulted in the retention of 447,818 SNP markers across 89 and 
127 individuals with phenotype data in backcrosses to H. melpomene and H. cydno 
respectively. To facilitate computation, markers were thinned evenly by a factor of ten, 
resulting in 44,782 markers with no missing data. Octadecanal production was log-
transformed to obtain normality, then regressed against marker position using the R/qtl2 
R library (Broman et al. 2018). Significance thresholds were obtained by permutation 
testing in R/qtl2 with 1000 permutations, and QTL confidence intervals obtained using 
the bayes_int command. To account for the family structure present in our QTL mapping 
populations, we additionally included a kinship matrix calculated by R/qtl2 using the 
LOCO (leave one chromosome out) method in the marker regression and recalculated 
significance thresholds and confidence intervals with the kinship term included. Percent 
variance explained was calculated as the difference in phenotype means of individuals of 
each genotype divided by the difference in the parental phenotype. Since the genetic 
linkage map was based on whole genome data, we were able to obtain physical positions 
of QTL confidence interval endpoints. The physical positions of the kinship-included 
confidence interval were used to query Lepbase (Challis et al. 2016) for potential 
candidate genes from the H. melpomene genome. To identify putative functions for each 
potential candidate, protein sequences from Lepbase were searched against the nr (non-
redundant) protein database using BLASTp (Altschul et al. 1990). For each candidate with 
a promising functional annotation, exons were pulled out of the H. cydno genome (Pessoa 
Pinharanda 2017) and aligned to the H. melpomene genes using BLASTn with each H. 
melpomene exon to search for SNPs between the two species. Selection was tested at the 
sequence level using codeml (Yang 2007) in pairwise mode with the F3X4 codon 
frequency model. 
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Statistical analysis 
Differences in individual compounds between H. melpomene and H. cydno were 
assessed using a Welch’s t-test. Wing region differences in H. cydno were assessed for 
each individual compound found in at least four of eight samples of at least one wing 
region using a linear mixed model with wing region as a fixed effect and butterfly identity 
as a random effect using the package nlme v.3.1.137 (Pinheiro et al. 2018). Statistical 
tests for these models were assessed with the Anova function in the package car v.3.0.0 
(Fox and Weisberg 2011), and comparisons between wing regions were performed using 
the emmeans package v.1.3.1 (Lenth 2018). 
For electroantennography, species comparison sets and synthetic compound sets 
were analyzed separately. Corrected and scaled EAG responses (for each experiment 
within sexes and species) were compared between stimuli with a linear mixed model with 
stimulus as a fixed effect, butterfly preparation identity as a random effect, and the 
interaction of stimulus and preparation as a random effect using nlme as above. 
Statistical tests for these models were assessed with the Anova and emmeans (version 
1.1.3) functions as above. 
Long-term adaptation was assessed using robust linear mixed models with the 
package robustlmm v.2.2.1 (Koller 2016), with corrected but unscaled amplitude as the 
response variable, time since initial presentation of the stimulus as a fixed variable, and 
butterfly preparation as a random variable. Responses were pooled across samples within 
a species-sex combination and considered for each stimulus separately. As robustlmm 
does not provide p-values, confidence intervals were used to assess significance and 
difference between sample-species combinations. Short-term adaptation was assessed 
using the residuals from the same regression. Differences in the residuals between 
triplets within a triplet set were tested using a one-sample t-test with a hypothesized 
mean value of zero (i.e. no difference between residuals), performed on the subtractive 
difference between the residuals of the third (last) and first triplets. 
Female mate choice was assessed using a binomial test, and treatment differences 
in time until mating were assessed with a two-sided t-test assuming unequal variances. 
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Octadecanal persistence was not assessed statistically due to the small sample size. All 
statistical tests were performed in R v.3.5.0, v.3.5.1, or v.3.5.2 (R Core Team 2013). 
Results 
Androconial chemical bouquets of Heliconius melpomene and H. cydno 
In order to identify candidate pheromone compounds, we first investigated the 
distribution of chemical compounds on the wings of H. cydno for comparison with 
published data on H. melpomene (Figure 1). The chemical profile of the wings of the two 
species were quite different, with few shared major compounds. We found that the 
bouquet of H. cydno was simpler than that of H. melpomene, with 7 main compounds 
versus 21 in H. melpomene. Heliconius cydno also had a less abundant overall bouquet, 
with an individual total of 1787 ± 776 ng vs. 3174 ± 1040 ng in H. melpomene (Table S1). 
Most of the main compounds (defined as those occurring in at least 90% of individuals) in 
H. cydno were linear alkanes (4 of 7 compounds), while H. melpomene has a more diverse 
array of different compound classes. Of the five major compounds (> 100ng per 
individual) in H. melpomene, only syringaldehyde was found in similar amounts in H. 
cydno; the major compounds octadecanal, 1-octadecanol, (Z)-11-icosenal, and (Z)-11-
icosenol were absent or found in very low amounts in H. cydno. Comparison with 
previously published data for other Heliconius species, all of which lack octadecanal in the 
large amounts seen in H. melpomene, demonstrates that this high level of octadecanal is 
an evolutionarily derived state in H. melpomene (Mann et al. 2017; Darragh et al. 2019b). 
When focusing on the hindwing androconia of H. cydno, only two compounds 
[syringaldehyde (24.7% of the hindwing androconial bouquet) and (Z)-11-icosenol (1.7%)] 
were specific to this region. For details, please see SI text, Figures S1-S3, and Tables S1-S2.  
Electroantennographic responses to con- and heterospecific pheromone stimulus 
sets 
We next investigated the electroantennographic (EAG) response of both species 
to natural con- and heterospecific pheromone bouquets extracted from adult male 
butterflies. In general, EAG responses were more pronounced in females than in males, 
and we did not see a pattern of increased response to conspecific pheromone bouquets 
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over those of heterospecifics. Females of both H. melpomene and H. cydno responded 
more strongly (i.e. showed a larger voltage displacement from the antennal baseline) to 
both natural wing extracts (Mnat and Cnat, respectively) as compared with the control 
solvent (DCM+IS) (Figure 2, Figure S6; see Table S3 for statistical details). Males of H. 
melpomene also responded to both wing extracts, while no response was seen in male H. 
cydno, likely due to large inter-individual variation in response in this species-sex 
combination. Females and males of both species showed equivalent responses to H. 
melpomene and H. cydno wing extracts.  
We then explored antennal responses to synthetic compound blends. These were 
based on the most abundant compounds from each species (see Methods, Figure S4). We 
were able to successfully recapitulate the pheromone of H. melpomene, but not that of H. 
cydno. Male and female H. melpomene responded equally to the natural H. melpomene 
wing extract and its synthetic wing blend (Msyn) in both stimulus sets (Figures 2 and 3).  
By contrast, both sexes of H. cydno evidenced no increased response to the synthetic H. 
cydno wing blend (Csyn) when compared with the hexane solvent. In all cases this 
response was lower than to natural H. cydno wing extract, indicating that we have not 
successfully identified its active component(s). 
Electroantennographic responses to individual pheromone components from both 
species 
Finally, we explored the responses to individual compounds to identify specific 
biologically active pheromone components. Only octadecanal differed significantly from 
the controls in any species-sex combination (Figure 3, Table 1, Table S3), and this 
difference was seen only in females. As our experiments used concentrations 
approximately 10x those present in nature (approximately equivalent to the concentrated 
natural extracts, except (Z)-13-docosenal which was at 30x based on prior chemical 
analysis), this is unlikely to be due to differences in compound abundance in our 
experiments. No other compound was significantly different from hexane. In female H. 
melpomene, response to octadecanal was stronger than response to the H. melpomene 
synthetic mixture, suggesting a slight inhibitory response due to the presence of other 
synthetic compounds in the mixture, though no single compound produced this inhibition 
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in isolation. By contrast, male H. melpomene responded equally to the conspecific 
synthetic mixture and octadecanal (as well as the solvent hexane), and both female and 
male H. cydno responded equally to their conspecific synthetic mixture and both its 
components (syringaldehyde and henicosane), with no evidence for a synergistic mixture 
effect. Antennal responses to a given stimulus can change over time, and this may reflect 
biological processes of neuronal adaptation. Female H. melpomene adapted equally 
quickly to octadecanal and the natural and synthetic H. melpomene pheromones, while 
adaptation to other stimuli was equal to the control, further supporting octadecanal’s 
salience as the main pheromone in H. melpomene (see SI text, Figures S7-S8, and Table 
S4). 
Behavioral response to octadecanal supplementation in H. melpomene 
We next confirmed a behavioral response to the most physiologically active 
substance, octadecanal, one of the dominant compounds in H. melpomene. A total of 29 
behavioral experiments were conducted in H. melpomene, with mating observed in 18 
(62%); one trial was excluded due to wing damage, leaving 17 successful matings. With 
our small sample size, we found no evidence that females showed a preference for either 
treatment, mating with the hexane male 11 times (65%) and with the octadecanal male 
the remaining 6 times (35%) (p = 0.332). However, mating latency (time from experiment 
onset to mating) was significantly longer for the octadecanal matings (average 88.5 
minutes) than for the hexane matings (average 43.7 minutes; t = 2.7848, df = 8.2491, p = 
0.023). There was no evidence that this mating latency was due to evaporation of the 
octadecanal treatment, as there was no detectable drop in octadecanal quantity in the 
hindwing androconia over the duration of the experiment [comparison of 30 minute and 
2 hour treatments (Figure S9)], although some octadecanal was lost initially before the 
experiment began. Furthermore, little octadecanal rubbed off onto the forewing overlap 
region. Interestingly, although about 5.5x as much octadecanal as normal should have 
been present on the wings of treated males, only about 2-2.5x was seen after 30 minutes 
(the time at which the female would be introduced to the two males), suggesting some of 
the added octadecanal was lost before the start of the behavioral experiments, perhaps 
due to oxidization or pheromone hydrolysis, as has been shown in some moths (Ferkovich 
et al. 1982). 
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Genetic basis of octadecanal production in H. melpomene 
Analysis of octadecanal production by F1 males showed that the H. cydno 
octadecanal phenotype (little to no octadecanal) is dominant over the octadecanal-rich H. 
melpomene phenotype, and octadecanal production segregates in backcrosses to H. 
melpomene (Figure S10). Using the variance within the H. melpomene backcross 
individuals, we calculated a Castle-Wright estimator of 0.81 loci, suggesting a potentially 
monogenic basis for octadecanal production in H. melpomene. Quantitative trait locus 
(QTL) mapping with 89 individuals from 10 families revealed a single significant peak on 
chromosome 20 (Figure 4a, Figure S11). The chromosome 20 peak remained significant 
when kinship was taken into account and explained 41.31% of the difference between the 
two parent species. Bayesian confidence intervals for the peak on chromosome 20 were 
identical with and without kinship, spanning a range of 46.9-56.37cM with the peak at 
47.66cM (with or without kinship), corresponding to a physical range of 3.4Mb along 
chromosome 20. To ensure that our findings were replicable across individual families, 
we also constructed effect plots at the kinship peak for each family separately, and all 
showed the same directionality (Figure 4b). The peak on chromosome 20 does not 
overlap with any of the major wing color loci (Jiggins 2017; Van Belleghem et al. 2017), 
nor does it overlap with mate choice QTL (Merrill et al. 2019). The confidence interval 
region contains 160 genes, all of which represent potential candidates for octadecanal 
production. Although octadecanal production appeared recessive in F1 individuals, there 
was also some segregation seen in backcrosses to H. cydno, so we performed QTL 
mapping on these additional individuals (127 individuals, 15 families). This analysis 
recapitulated the peak on chromosome 20 with a similar confidence interval (42.35-
54.85cM with a peak at 45.76cM), providing independent support for this QTL peak from 
an entirely different set of hybrid individuals. 
We next evaluated the evidence in support of the 160 genes in this interval to 
identify top candidates for octadecanal production. In total, 14 were putative fatty-acyl 
CoA reductases (FARs), which catalyze the conversion of fatty acids to alcohols via a 
bound aldehyde intermediate (Table S5). Octadecanal is most likely produced via this 
pathway (Figure 4c), either as a direct product of a FAR-catalyzed conversion of 18-carbon 
stearic acid (by releasing the bound intermediate directly) or as a product of a further 
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dehydrogenation of the alcohol intermediate (octadecanol) to the aldehyde product. Two 
candidate alcohol dehydrogenases, which might catalyze this reaction, were also 
contained within the region, yielding a total of 16 candidates. To ascertain whether 
octadecanol might serve as the precursor to octadecanal in H. melpomene, we also 
searched for QTL underlying octadecanol production (Castle-Wright estimator of 0.71 
loci), and found a very similar pattern to octadecanal, with a single QTL peak on 
chromosome 20 (Figure 4d) explaining 25.36% of the difference between the two parent 
species. This peak broadly overlapped the octadecanal peak, with a much broader 
confidence interval from 10.91-56.37cm (12.9Mb) and a peak at 51.82cM regardless of 
whether kinship was taken into account (Figure S11). The 14 FARs in the region are highly 
clustered, with a set of eight found within a 133kb region. Sequence comparison between 
the H. melpomene and H. cydno alleles showed that nearly all of these genes harbor 
nonsynonymous SNPs between the two species (Table S5, Supplementary Data 1). One 
gene showed no coding SNPs between the two species; nine had between three and 24 
nonsynonymous SNPs; and four had more substantial changes, including missing exons 
and frameshifts. The final two genes (one alcohol dehydrogenase and one FAR) could not 
be found in the H. cydno genome, and may instead represent annotation or assembly 
errors in H. melpomene or, alternately, deletions in H. cydno. Nearly all of the intact 
genes displayed purifying selection (ω between 0.001 and 0.2459), with only the 
remaining alcohol dehydrogenase (ω = 1.2478) under positive selection (Table S5). Taken 
together, these results suggest that either of the alcohol dehydrogenase candidates may 
underlie the production of bioactive octadecanal from octadecanol in H. melpomene, 
although functional experiments are required to confirm this hypothesis. Alternately, as 
QTL for octadecanal and its likely precursor octadecanol overlap, a single FAR may be 
responsible for producing both volatiles. 
Discussion 
Previous work has shown that male Heliconius butterflies use aphrodisiac 
pheromones during courtship, and the presence of these pheromones is necessary for 
successful mating to take place (Darragh et al. 2017). However, the identity of the 
bioactive pheromone components and the genetic basis underlying their production was 
unknown.  Here we demonstrate that two closely related species with strong 
 273 
reproductive isolation, H. melpomene and H. cydno, show major differences in chemical 
bouquets (see also Mann et al. 2017; Darragh et al. 2019b). Strong divergence between 
closely related species is unusual in Lepidoptera. Instead, pheromone types are typically 
shared between closely related species, with only subtle differences in similar compounds 
or differences in ratios of the same compound (Löfstedt et al 2016). Somewhat 
surprisingly, despite these major differences in putative pheromone signals, we detected 
no difference in the strength of antennal response to wing chemical bouquets. 
Nonetheless, we have identified a single compound, octadecanal, which elicited a 
significant response in females of both species. Somewhat surprisingly, octadecanal was 
also physiologically active in H. cydno females, while it is largely absent from the male H. 
cydno wing bouquet. 
These data on identical antennal responses may suggest that the peripheral 
nervous system of H. melpomene and H. cydno have not diverged in concert with their 
male wing chemistry. This is in contrast to similar published studies of other insect 
species. For example, the moth Ostrinia nubialis, whose E- and Z-strains diverged 
approximately 75,000-150,000 years ago (Malausa et al. 2007), strains have opposite 
topologies in the antennal lobe and antennal sensillae (Kárpáti et al. 2007; Koutroumpa et 
al. 2014). Similar divergence in peripheral nervous system architecture has been seen in 
Rhagoletis pomonella (Frey and Bush 1990; Tait et al. 2016) and Drosophila mojavensis 
(Date et al. 2013; Crowley-Gall et al. 2016) despite much shorter divergence times than 
between H. melpomene and H. cydno (approximately 2.1 million years ago, Arias et al 
2014; Kozak et al. 2015).  
The sensory periphery is only the first of many mechanisms that may influence 
mate choice, and it is increasingly clear that differences within the brain can be important 
in mate choice, even when detection mechanisms of the sensory periphery are conserved 
(Hoke et al. 2008; Hoke et al. 2010; Seeholzer et al. 2018). Our results in Heliconius are 
similar to those observed in Colias butterflies. The sister species C.eurytheme and C. 
philodice show very similar female electrophysiological responses to the con- and 
heterospecific pheromone compounds, despite a behavioral effect of treating males with 
heterospecific pheromones (Grula et al. 1980). Colias butterflies, like Heliconius, use 
multiple signals when choosing between mates (Papke et al. 2007), so rapid divergence in 
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peripheral nervous system elements may not play a role in the evolution of reproductive 
isolation. In Heliconius, where EAG responses are very similar between species, 
differences in the antennal lobe and higher brain regions (e.g. the mushroom body or 
lateral protocerebrum, see e.g. Montgomery & Merrill 2017) may account for interspecies 
differences in mate choice behavior. (). Female Heliconius butterflies likely integrate 
multiple signals (including pheromones, male courtship flights, and visual cues) in these 
higher brain regions when making the decision to mate. 
We have identified octadecanal as the major pheromone component in H. 
melpomene and showed that responses to it are conserved across both species despite its 
general absence in H. cydno. As a fully saturated unbranched compound, octadecanal is 
unusual in being unrelated to known female pheromone types in moths, which largely 
use unsaturated or methylated hydrocarbons with or without terminal functional groups 
(Löfstedt et al. 2016). The activity of octadecanal as a pheromone, however, has been 
tested behaviorally or electrophysiologically in eight species of Lepidoptera across a 
variety of families (Tatsuki et al. 1983; Cork et al. 1988; Tumlinson et al. 1989; Ho et al. 
1996; McElfresh et al. 2000; Yildizhan et al. 2009; El-Sayed et al. 2011; Pires et al. 2015; 
Chen et al. 2018). Only in Cerconota anonella (Pires et al. 2015), and now in Heliconius 
melpomene, has some electrophysiological and behavioral activity been seen. The closely 
related hexadecanal is also a major pheromone component in the butterfly Bicyclus 
anynana (Nieberding et al. 2008), and differs from octadecanal only in its origin from 
palmitic rather than stearic acid and carbon number, so the role of octadecanal is not 
entirely unexpected.  
Male pheromones categorized in other butterflies represent a wide range of 
chemical classes, including terpenoids (Meinwald et al. 1969; Pliske & Eisner 1969; 
Andersson et al. 2007), pyrrolizidine alkaloid derivatives (Meinwald et al. 1969; Pliske & 
Eisner 1969; Nishida et al. 1996; Schulz & Nishida 1996), macrolides (Yildizhan et al. 
2009), aromatics (Andersson et al. 2003), fatty acid esters (Grula et al. 1980), and (in 
Bicyclus anynana) unsaturated fatty acid derived compounds more typical of moths 
(Nieberding et al. 2008). Male moth pheromones follow this wide distribution of chemical 
classes, with only a few species using fatty acid derived compounds, most notably 
Heliothis virescens which uses octadecanol, hexadecanol, and related compounds but not 
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the respective aldehydes such as octadecanal (Conner & Iyengar 2016). In contrast to H. 
melpomene, we have failed to discover any physiologically active pheromones in H. 
cydno, perhaps because a minor component or components not tested here is biologically 
active (McCormick et al. 2014; Chen et al. 2018). Attempts to identify the H. cydno 
pheromone using GC-coupled electroantennographic detection were unfortunately 
unsuccessful due to technical issues with the setup, and thus the H. cydno pheromone 
remains undescribed.  
Intriguingly, despite the strong EAG response, there was a marked negative 
behavioral response to increased octadecanal in H. melpomene.  A plausible explanation 
for the negative behavioral response to octadecanal supplementation is that disruption of 
the normal mixture ratios of H. melpomene may inhibit the female response, as seen in 
the butterfly Pieris napi, where synergistic processing of two volatile components in the 
male bouquet is necessary for acceptance behavior (Larsdotter-Mellstrom et al. 2016). 
Octadecanal may also experience a dose-response curve with an aversive response to 
higher concentrations and an attractive response at lower ones. Potential mixture or 
dosage effects suggest that female H. melpomene may use octadecanal quantity or 
relative abundance to assess male quality or choose between courting males. The 
increased mating latency with octadecanal-treated males may reflect females undergoing 
a period of adjustment, either in the peripheral or central nervous system, to the higher 
dose of octadecanal; this would be consistent with our results showing long-term 
adaptation to octadecanal. We remain uncertain of what effect, if any, octadecanal would 
have on the behavior of H. cydno, where it is largely absent from the male pheromone 
bouquet, as we were unable to rear an adequate number of H. cydno for behavioral trials. 
It may be used to avoid courtship with H. melpomene, supporting other divergent signals 
such as color pattern in maintaining reproductive isolation between the two species 
(Jiggins et al. 2001). 
Given the strong physiological and behavioral response to octadecanal, and its 
possible role in reproductive isolation between H. melpomene and H. cydno, we studied 
the genetic basis of differences between the two species. Fatty-acid derived compounds 
comprise the largest category of Lepidoptera sex pheromones (Ando and Yamakawa 
2011), and are produced from fatty acyl-CoA precursors via the action of several 
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enzymes. Since these pheromones are secondary metabolites derived from primary 
metabolic pathways, their production is likely to be relatively labile in evolutionary terms, 
allowing simple genetic changes to drive the wide diversity of lepidopteran sex 
pheromones. Even though we have a broad knowledge of pheromone diversity in 
Lepidoptera, our understanding of the genetics of pheromone biosynthesis is relatively 
weak. Pheromone gland-specific fatty acyl-CoA reductases have been identified in a 
number of moth species, although most are identified solely on transcriptomic analysis of 
the gland without functional characterization (Groot et al 2016, Löfstedt et al 2016). In 
the moth Ostrinia and butterfly Bicyclus, FARs involved in male pheromone biosynthesis 
have been identified and shown to use the same biosynthetic pathway as female 
pheromones (Lassance & Löfstedt 2009, Lienard et al 2014). Pheromone-producing 
alcohol oxidases, which potentially catalyze the conversion of antennally inactive 
octadecanol to the active component octadecanal, have not yet been described in any 
insect to our knowledge. 
Using a QTL mapping approach, we have shown that the production of 
octadecanal has a relatively simple genetic basis, with a region on chromosome 20 
corresponding to production of both octadecanal and its likely precursor octadecanol in 
Heliconius. This locus therefore likely represents a region under divergent selection 
between H. melpomene and H. cydno that is unlinked to previously identified species 
differences in color and mate choice (Jiggins 2017; Merrill et al. 2019). Patterns of FST 
between the species are highly heterogeneous and were not especially informative in 
further delimiting the locus (data from Martin et al. 2013). Due to our small mapping 
population, the confidence intervals for these QTL therefore remain large: the 
octadecanal QTL spans 3.4Mb and contains 160 genes. Of these, we identified 16 likely 
candidate genes based on known biosynthetic pathways in moths and the butterfly 
Bicyclus anynana (Liénard et al. 2014): 14 fatty acyl-CoA reductases and two alcohol 
dehydrogenases. Fatty acyl-CoA reductases have previously been identified in H. 
melpomene by (Liénard et al. 2014), who noted lineage-specific duplications within H. 
melpomene on two scaffolds corresponding to H. melpomene chromosomes 19 and 20. 
All but one of the candidate FARs found on chromosome 20 were identified by Liénard et 
al., but all fall outside their clade of pheromone gland FARs. The identified Bicyclus FAR 
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that produces hexadecanol does not also produce the major pheromone hexadecanal, 
implying the presence of an additional as yet undescribed alcohol dehydrogenase in 
Bicyclus, and the biochemical similarity between hexadecanal and octadecanal suggests 
Heliconius may also use an alcohol dehydrogenase to produce octadecanal. By contrast, 
the overlapping octadecanol and octadecanal QTL on chromosome 20 in Heliconius 
suggest the presence of a bifunctional FAR that produces both the alcohol and aldehyde 
together, or alternately tight linkage of separate FAR and alcohol dehydrogenase genes. 
Further studies, including functional assays and location of wing pheromone biosynthesis, 
will be required to tease apart our potential candidates.  
The presence of a single large-effect QTL for octadecanal production is not 
surprising, as large-effect loci have been seen in pheromone production in various moth 
species (Groot et al. 2016, Haynes et al. 2016). What is more surprising is that species 
differences in moths largely are the result of minor variations in similar compounds or 
compound ratios, while the production of both octadecanal and its precursor octadecanol 
is essentially absent in H. cydno.  Nevertheless, despite the recruitment of stearic acid 
into this novel product, we see only a single QTL, potentially due to a single gene or tight 
linkage of two or more biosynthetic genes. The octadecanal locus on chromosome 20 
does not overlap with any of the known genes involved in color pattern and mate choice 
in Heliconius, which all lie on other chromosomes (Jiggins 2017), and notably there is no 
overlap with the optix color pattern gene or previously described mate choice QTL to 
which it is tightly linked (Merrill et al. 2019). Tight linkage of loci for traits under divergent 
selection and those contributing to premating isolation should facilitate speciation 
(Felsenstein 1981; Merrill et al. 2010; Smadja and Butlin 2011) but based on our data 
there is no linkage between olfactory cues and divergent warning patterns in Heliconius 
melpomene and H. cydno. It is possible that olfaction does not play a significant role in 
reproductive isolation. Nonetheless, other color pattern loci are scattered across the 
Heliconius genome, rather than being tightly linked. Instead of acting as a color pattern, 
mate choice, and pheromone supergene, the loci responsible for these traits are mostly 
unlinked. Perhaps the selection favoring genetic linkage is weak in these species now that 
speciation is nearly complete (see also Davey et al. 2017). 
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Our studies of the electrophysiological and behavioral responses of Heliconius 
butterflies and the genetic basis of pheromone production add to the growing body of 
literature suggesting that pheromonal communication in Lepidoptera is not limited to 
nocturnal moths but can be found in day-flying butterflies that also use striking visual 
signals. Heliconius butterflies can detect con- and heterospecific wing compound 
bouquets, and a major component, octadecanal, is physiologically and behaviorally active 
in H. melpomene and its genetic basis appears relatively simple, consistent with other 
pheromone shifts found in insects (Symonds and Elgar 2007; Smadja & Butlin 2009). 
Along with their striking wing color patterns, male Heliconius use chemistry to influence 
female mate choice, combining courtship behaviors, and chemistry in a dance to elicit 
female mating responses (Klein and de Araújo 2010; Mérot et al. 2015). Despite our 
human bias towards visual signals, we are now beginning to understand how such visually 
striking butterflies communicate using chemistry.  
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Figures 
Figure 1: Androconial chemistry of Heliconius melpomene and H. cydno. a: dorsal 
forewing and hindwing of each species showing the silvery androconial region of the 
hindwing used during male courtship. b: Total ion chromatogram of H. melpomene (top) 
and H. cydno (bottom) wing androconia. P1: syringaldehyde; P2: octadecanal; P3: 1-
octadecanol; P4: henicosane; P5: (Z)-11-icosenal; P6: (Z)-11-icosenol; P7: (Z)-13-
docosenal; IS: internal standard (2-tetradecyl acetate); x: contaminant; C21: henicosane; 
C22: docosane; C23: tricosane. 
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Figure 2: Electroantennographic responses of Heliconius butterflies to conspecific 
and heterospecific wing extracts. Stimuli: air (white), dichloromethane plus 2-tetradecyl 
acetate (internal standard) (dark gray), hexane (light gray), Lantana extract (green), 
natural male H. melpomene wing extract (red), synthetic H. melpomene blend (pink), 
natural male H. cydno wing extract (dark blue), synthetic H. cydno blend (blue). Bars: 
average of normalized corrected amplitude ± standard deviation.  
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Figure 3: Electroantennographic responses of Heliconius butterflies to synthetic 
wing compounds. Stimuli: air (white), dichloromethane plus 2-tetradecyl acetate (internal 
standard) (dark gray), hexane (light gray), Lantana extract (green), natural male H. 
melpomene or H. cydno wing extract (red or dark blue respectively), synthetic H. 
melpomene or H. cydno blend (pink or blue respectively). P1 (Syr): syringaldehyde; P2 
(18O): octadecanal; P3 (18OH): 1-octadecanol; P4 (C21): henicosane; P5 (20O): (Z)-11-
icosenal; P6 (20OH): (Z)-11-icosenol; P7 (22O): (Z)-13-docosenal. Bars: average of 
normalized corrected amplitude ± standard deviation. Light pink: compound part of 
synthetic H. melpomene blend; light blue: compound part of synthetic H. cydno blend; 
purple: compound in both H. melpomene and H. cydno synthetic blends. 
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Figure 4: QTL mapping of octadecanal and octadecanol production in Heliconius 
melpomene. a: QTL map for production of octadecanal. b: Effect plots at the peak of the 
locus on chromosome 20 for the seven individual backcross mapping families with at least 
5 individuals. c: Potential biosynthetic pathway for octadecanal production. d: QTL map 
for production of octadecanol, a potential precursor of octadecanal. 
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Supplemental Results 
Androconial chemical bouquets of Heliconius melpomene and H. cydno 
The analysis of H. melpomene included a reanalysis of 18 samples originally 
published in (Darragh et al. 2017,2019a), as well as 13 previously unpublished samples, 
for a total of 31. The analysis of H. cydno used 26 unpublished samples, eight of which 
were additionally used for the wing region comparison. Overall, H. melpomene produces 
far more compounds in both amount (3174 ± 1040 ng vs. 1787 ± 776 ng in H. cydno, Table 
S1) and compound diversity (53 compounds found in at least 1/3 of samples vs. 31 
compounds in H. cydno). Approximately half of all compounds were shared between 
species (24 of 60 total compounds found in at least 1/3 of samples of both species); of the 
remainder, the majority of compounds were H. melpomene-specific (29 compounds), 
with a more limited set of H. cydno-specific compounds (7 compounds). When grouping 
compounds by chemical class (Figure S2), H. melpomene produced a higher total amount 
of aromatics and alkenes than H. cydno, while H. cydno produced more total amount of 
terpenoids. On a relative basis, the bouquet of H. melpomene had a higher percentage of 
alkenes than H. cydno, whereas H. cydno was dominated by alkanes. Of the 11 
compounds comprising at least 1% of either species’ overall bouquet, all but two (the 
straight-chain alkanes henicosane and tricosane) were found in equal or higher amounts 
in H. melpomene (Figure S1). In H. cydno, two compounds (syringaldehyde and 
henicosane) together made up more than 90% of the overall compound bouquet. 
In H. melpomene, several compounds are found exclusively or nearly exclusively in 
the hindwing androconia region (Darragh et al. 2017). We performed a similar assay using 
eight of the H. cydno samples with all four wing regions (hindwing androconia, forewing 
overlap region, rest of hindwing, rest of forewing) dissected out. Relative to wing region 
area, the hindwing androconia produced higher amounts of syringaldehyde and (Z)-11-
icosenol than the rest of the wing (Figure S3A), while the other five compounds were 
found in high amounts in any wing region and were relatively equivalent between the 
androconia and at least two other wing regions. When compound amounts were not 
corrected for wing region area, the effects were similar (Figure S3B), except for minor 
differences between other wing regions. Interestingly, there appeared to be a tradeoff 
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between amounts of syringaldehyde and homovanillyl alcohol across wing regions; as 
these compounds are structurally similar aromatics this may reflect a shared precursor 
pool with each wing region being biased towards one or the other product. 
Long-term adaptation to pheromone extracts and synthetic compounds 
Long-term adaptation (LTA; across the duration of stimulus presentation) was 
quite common, particularly in responses to natural and synthetic wing pheromone 
extracts (Figure S7). Adaptation was more common in females, with female H. 
melpomene showing LTA to all stimuli with the exception of henicosane (the only 
synthetic component tested that is found in low amounts in H. melpomene) and 
disagreement between stimulus sets for air (not shown) and DCM+IS. Female H. cydno 
were similar, with LTA to all stimuli except henicosane, (Z)-11-icosenol, and disagreement 
between stimulus sets for air (not shown). Males showed LTA to fewer stimuli, 
particularly to synthetic pheromone components; H. melpomene males only had LTA to 
octadecanal and henicosane, and H. cydno males only to octadecanal, (Z)-11-icosenol, 
and (Z)-13-docosenal. The only natural or synthetic mixture that did not show LTA across 
all species-sex pairs was H. melpomene natural wing (disagreement between stimulus 
sets in H. melpomene males). For synthetic pheromone components, the only 
disagreements between species within a sex were in (Z)-11-icosenol (for females) and 
henicosane, (Z)-11-icosenol, and (Z)-13-docosenal (for males).  
Long-term adaptation was often stronger to natural stimuli when compared with 
the two solvents (hexane and DCM+IS). In H. melpomene females, adaptation to H. 
melpomene natural and synthetic wing pheromone was stronger than adaptation to 
DCM+IS, while adaptation to both natural and synthetic H. cydno wing pheromone was 
equivalent to the relevant solvent (DCM+IS and hexane respectively). The same pattern 
was found in H. melpomene males. In H. cydno females, only synthetic H. cydno wing 
pheromone showed equivalent LTA to its hexane solvent, while LTA to all other stimuli 
was stronger than their respective solvents. The pattern differed in H. cydno males, with 
only natural wing extracts from both species having stronger LTA than their solvent 
(DCM+IS). By contrast with natural stimuli, LTA to pheromone components was often 
equivalent to the two solvents. In H. melpomene females, only octadecanal differed from 
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the hexane solvent, and the strength of LTA to octadecanal was identical to that of 
natural and synthetic H. melpomene wing pheromone. Other species-sex combinations 
showed no obvious pattern in comparison to the solvents, although both sexes of H. 
cydno showed stronger LTA to H. cydno wing pheromone than to its DCM+IS solvent. 
In general, LTA to H. melpomene pheromones was stronger than to H. cydno 
pheromones. Females of both species had different degrees of LTA to the two species’ 
wing pheromones (in both cases, LTA was stronger to H. melpomene wings), while males 
had an equal degree of LTA. There was no obvious link between the presence or absence 
of LTA to a given pheromone component and the presence or absence of a given 
pheromone component in the preparation’s species’ wing pheromones. A significant 
correlation existed between degree of LTA and strength of response in to a given stimulus 
(Figure S8). Females of both species showed significant correlations for the synthetic 
stimulus sets and the overall data, while males of both species showed significant 
correlations between LTA strength and response strength for the natural stimulus sets 
and the overall data. 
Short-term adaptation to pheromone extracts and synthetic compounds 
By contrast to LTA, short-term adaptation (STA) was mostly absent in all 
combinations of preparation species-sex and stimulus type (Table S4). No stimuli showed 
STA across all species-sex preparation combinations. Both female and male H. 
melpomene had STA to H. cydno wing pheromones. Female H. cydno also showed STA to 
H. melpomene wing extract. Female H. melpomene showed STA to 1-octadecanol, while 
male H. cydno showed STA to 1-octadecanol and (Z)-11-icosenal. 
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Supplemental Figures 
SI Figure 1: Comparison of the major compounds in Heliconius melpomene and H. 
cydno. Compounds shown are those contributing at least 1% of the total bouquet amount 
in either species. Numbers under each bar indicate how many samples (out of 31 for H. 
melpomene and 26 for H. cydno) the compound was found in. Significantly different 
compounds: * p < 0.05; ** p < 0.01; *** p < 0.001. n.s., not significant. 
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SI Figure 2: Absolute and relative abundance of different compound classes in H. 
melpomene and H. cydno. n.s., not significant; * p < 0.05; ** p < 0.01; *** p < 0.001. The 
two unknown categories were not tested as the compound types are not known. 
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SI Figure 3: The seven compounds found in at least 0.1ng/mm2 of wing tissue in at 
least one wing region in Heliconius cydno. a: Compound abundance per square millimeter 
of tissue. b: Compound abundance without tissue area correction. Numbers under each 
bar indicate how many samples (out of eight) the compound was found in; letters above 
bars indicate significant differences between regions. n.s., not significant. A: hindwing 
androconia; O: forewing overlap region; H: hindwing excluding androconia; F: forewing 
excluding overlap region. 
A: hindwing androconia
O: forewing overlap region
H: rest of hindwing
F: rest of forewing
a
b
A: hindwing androconia
O: forewing overlap region
H: rest of hindwing
F: rest of forewing
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SI Figure 4: Structures and names of major components of the androconia of H. 
melpomene and H. cydno used in electrophysiological experiments. 
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SI Figure 5: Synthesis of target compounds used in electrophysiological 
experiments. IBX: iodosobenzoic acid; LiAlH: lithium aluminum hydride. 
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SI Figure 6: Heliconius melpomene responds to electrophysiological stimuli. Top to 
bottom: dichloromethane plus 2-tetradecyl acetate (internal standard) (negative control), 
Lantana extract (positive control), natural H. melpomene male wing extract, depiction of 
stimulus pulse timing. Data from a single virgin female. Bar-ended lines indicate the 
measured amplitude of the antennal response. 
  
 299 
SI Figure 7: Long-term adaptation to natural and synthetic stimuli in Heliconius 
butterflies. The 95% confidence intervals of the robust LMM slope are shown; a negative 
slope means that responses to that stimulus drop over time. P1-P7: see Figure 2. 
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SI Figure 8: Strength of long-term adaptation correlates with amplitude of EAG 
response in a sex-specific fashion. In females, a stronger response to a given stimulus 
correlates with a stronger degree of LTA both overall and for the synthetic compound set. 
In males the same is seen overall and for the natural extract set in H. cydno, but not in H. 
melpomene. 
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SI Figure 9: Octadecanal persistence in treated males over time. Bars show 
individual males, with two males per treatment-time point combination. Hindwing 
androconia and forewing overlap region males are shown in the same positions. 
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SI Figure 10: Octadecanal in H. melpomene, H. cydno, two F1 families (one in each 
crossing direction), and the ten backcross to H. melpomene families used in QTL mapping. 
Colors: blue (H. cydno); purple (F1 crosses of H. melpomene and H. cydno); pink 
(backcrosses to H. melpomene); red (H. melpomene). 
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SI Figure 11: Chromosome 20 QTL map for production of octadecanal and 
octadecanol in H. melpomene. Shaded regions indicate the Bayesian confidence intervals 
with kinship structure taken into account and black line indicates the peak of the QTL. 
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Supplementary Tables 
SI Table 1: Comparison of Heliconius cydno and H. melpomene wing androconia 
bouquet. Amounts given are the mean in nanograms across 31 (H. melpomene) and 26 (H. 
cydno) samples, ± SD. Compounds are only included if found in at least 1/3 of samples for 
at least one species at levels of at least 1ng. #: compound found in at least 90% of 
samples of that species. Bold: species differ significantly. dof: Welch’s two sample t-test 
degrees of freedom. 
SI Table 2: Wing region specificity of Heliconius cydno androconial compounds. 
Amounts given are the mean across eight samples ± SD. Numbers in parentheses after 
compound amounts indicate the number of samples the compound was found in. Bold: 
wing regions differ significantly. NA: post-hoc test not conducted as original linear model 
not significant. 
SI Table 3: Details of statistical comparisons of stimuli from electrophysiological 
experiments. P1-P7: as in the main text and Figure 4. 
SI Table 4: Short-term adaptation to different stimuli in H. melpomene and H. 
cydno males and females. t1, t2, and t3: first, second, and third members of a stimulus 
triplet. dof: degrees of freedom. P1-P7: as in the main text and Figure 4. 
SI Table 5: Potential candidate genes for octadecanal production underlying the 
QTL peak on chromosome 20 in Heliconius melpomene. 
Supplementary tables available at 
(https://osf.io/saegq/?view_only=0634eba8ff8846c08ff7b87df769f04c) 
 
 
 
 
 
